Going with the flow to elucidate renal electrolyte handling by Mohammed, S.G.
PDF hosted at the Radboud Repository of the Radboud University
Nijmegen
 
 
 
 
The following full text is a publisher's version.
 
 
For additional information about this publication click this link.
http://hdl.handle.net/2066/194281
 
 
 
Please be advised that this information was generated on 2019-06-02 and may be subject to
change.

GOING WITH THE FLOW TO ELUCIDATE 
RENAL ELECTROLYTE HANDLING 
 
  
 
 
Sami Mohammed  
The research presented in this thesis was conducted at the department of 
Physiology, Radboud university medical center (Radboudumc), the Netherlands. 
This work was financially supported by a grant of the Radboud Institute for Molecular 
Life Sciences (RIMLS) to J.G.J. Hoenderop and R. Roepman and the publication of 
this thesis was financially supported by the Dutch Kidney Foundation.  
ISBN 
978-94-028-1124-7
Cover design 
Promotie in Zicht, Arnhem, The Netherlands 
Lay-out 
Sami G. Mohammed, Nijmegen, The Netherlands 
Print 
Ipskamp printing, Nijmegen, The Netherlands 
Thesis number 
RIMLS 2018-08 
© 2018, Sami G. Mohammed, Nijmegen, The Netherlands 
All rights reserved. No part of this thesis may be reproduced or transmitted, in any form or by any 
means without written permission of the author. 
GOING WITH THE FLOW TO ELUCIDATE 
RENAL ELECTROLYTE HANDLING 
 
  
 
 
Proefschrift 
 
 
 
 
ter verkrijging van de graad van doctor  
aan de Radboud Universiteit Nijmegen  
op het gezag van de rector magnificus prof. dr. J.H.J.M. van Krieken,  
volgens besluit van het college van decanen 
 in het openbaar te verdedigen op maandag10 september 2018  
om 16:30 uur precies 
 
 
 
door 
 
 
Sami Gemal Mohammed 
geboren op 25 juni 1985 
te Jeddah, Saoedi-Arabië	  
Promotoren 
Prof. dr. J.G.J Hoenderop 
Prof. dr. R. Roepman  
 
Copromotor  
Dr. F.J. Arjona 
 
Manuscriptcommissie 
Prof. dr. M.A. Huijnen  
Prof. dr. R. Brock  
Dr. R. Giles (Universiteit Utrecht) 
  
GOING WITH THE FLOW TO ELUCIDATE 
RENAL ELECTROLYTE HANDLING 
 
  
 
 
Doctoral thesis 
 
 
 
 
to obtain the degree of doctor  
from Radboud University Nijmegen 
on the authority of the Rector Magnificus prof. dr. J.H.J.M. van Krieken, 
according to the decision of the Council of Deans  
to be defended in public on Monday, September 10, 2018 
at 16:30 hours 
 
 
 
by 
 
 
Sami Gemal Mohammed 
born in Jeddah, Saudi Arabia  
on June 25, 1985	 	
Supervisors 
Prof. dr. J.G.J. Hoenderop 
Prof. dr. R. Roepman  
 
Co-supervisor 
Dr. F.J. Arjona 
 
Doctoral Thesis Committee 
Prof. dr. M.A. Huijnen  
Prof. dr. R. Brock  
Dr. R. Giles (Utrecht University) 
  
 Table of contents 	
Chapter 1 General Introduction 9 
Chapter 2 Primary cilia-regulated transcriptome in the collecting 
duct 
37 
Chapter 3 Fluid shear stress increases transepithelial transport 
of Ca2+ in ciliated distal convoluted and connecting 
tubule cells 
73 
Chapter 4 Biomechanics of TRPV5 activity regulating Ca2+ 
transport 
101 
Chapter 5 Polycystin-1 dysfunction impairs electrolyte and 
water handling in a renal pre-cystic mouse model for 
ADPKD 
119 
Chapter 6 General discussion and summary 147 
Chapter 7 Nederlandse samenvatting 175 
Chapter 8 List of abbreviations 
List of publications 
Curriculum vitae 
Research data management 
RIMLS portfolio 
187 
191 
193 
195 
197 
 Acknowledgments – Dankwoord 199 
 
  
Eritrea
Chapter 1
General Introduction
 
  General Introduction 	
	 11 
The kidney as a sensory organ 
The kidney is a complex organ that salvages water, ions, and small-soluble 
metabolites from the filtered plasma to maintain electrolyte, water and acid-base 
balance (1). This organ is also responsible for secreting hormones and for the 
elimination of toxic molecules including metabolic waste products. The kidneys receive 
20-25% of all the blood pumped by the heart. They produce ~ 150 L/day filtrate, of 
which only ~1.5 L becomes urine (Fig. 1A). The nephron, the functional unit of the 
kidney, comprises several morphologically and functionally heterogeneous segments, 
which together confer the function of the kidneys (Fig. 1B). Urine formation starts at 
the glomerulus where blood carried by the renal artery enters the capillary loops of the 
Bowman’s capsule (2). There, plasma is filtered to generate an ultrafiltrate that enters 
the proximal tubule, the first segment of the tubular system. The majority of water, 
glucose and electrolytes from this ultrafiltrate are reabsorbed in the proximal tubule 
through paracellular and transcellular transport. The remaining of the ultrafiltrate is 
further processed for reabsorption of water and electrolytes in the subsequent tubular 
segments - loop of Henle followed by distal convoluted tubule (DCT) and connecting 
tubule (CNT). These segments are critical in fine-tuning the final concentration of ions, 
such as Na+, Ca2+ and Mg2+, in serum and urine (3, 4). More so, they compensate 
defects in reabsorption by the proximal tubule. Lastly, the ultrafiltrate is drained into 
the collecting duct, where final hormonally regulated water reabsorption takes place, 
then to the urethra, and finally out of the body. This ‘final’ urine contains high 
concentrations of salts, acids, and toxic waste products, contributing to the total body 
homeostasis. So, what makes the kidney a sensory organ? At first, it may seem 
peculiar to relate renal and sensory physiology. After identifying the different sensory-
like functions of the kidney, it becomes discernible to categorize the kidneys as a 
sensory organ.  
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Figure 1. Schematic overview of the kidney and the nephron. (A) Gross anatomical 
structure of the kidneys including the entry of blood via the renal artery and exit of urine via 
the urethra. (B) The different segments of the nephron - proximal tubule, the loop of Henle, 
distal convoluted tubule, connecting tubule and collecting duct - confering the function of the 
kidneys.  
 
There are several kidney functions which entitle the kidney as a sensory organ. 
The most apparent sensory function is the ability of the kidney to monitor body oxygen 
status since about 20% of the cardiac output passes through this organ. Hypoxia 
sensed by cortical peritubular fibroblast-like cells is translated into increased 
erythropoietin synthesis and activation of red blood cell production in the bone marrow 
(5). Another important function of the kidney is sensing changes in blood pressure. 
Several regions in the kidney play a role in this process. The afferent arteriole senses 
the changes in physical stress imposed by blood pressure increase which triggers a 
myogenic response. This vasoconstrictor response diminishes the damage induced 
by high blood pressure on renal glomeruli (6). Yet another sensory region in the kidney 
is the macula densa of the juxtaglomerular apparatus. It lies at the very distal part of 
the thick ascending limb of the loop of Henle next to the afferent arteriole of the 
glomerulus. The macula densa cells sense increased NaCl concentrations in the pro-
urine resulting in inhibition of renin secretion (7). They also prompt the 
tubuloglomerular feedback mechanism, which contributes to auto-regulation of renal 
blood flow and thus glomerular filtration rate (GFR). Another sensory function of the 
kidney pertains to urinary flow sensing. Urinary flow through the tubular segments is 
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pulsatile and highly variable (ranging from 5 to 15 nL/min under physiological 
conditions (8, 9)) due to the heart rate and tubuloglomerular feedback mechanism 
mediated by the macula densa. Variation of urinary flow can also occur as a result of 
volume expansion, osmotic diuresis or diuretics administration (10, 11). Importantly, 
despite the fluctuation of tubular fluid flow and consequent electrolyte load, the tubular 
epithelia have an extraordinary capacity to adapt paracellular and transcellular ion 
transport fluxes. As a result of this exceptional adaptation, the electrolyte and water 
balance in the body is maintained. How the tubule senses such dramatic changes in 
urinary flow to adapt paracellular and transcellular ion transport fluxes to the fluctuating 
tubular electrolyte load is completely unknown. To investigate the flow sensing 
capacity of the kidney, we first need to look at the type of mechanical forces exerted 
on renal epithelial cells. 
Mechanical forces in kidney tubules 
Changes in urinary flow result in changes in luminal pressure in the renal 
tubules. Change in luminal pressure is manifested as changes in axial shear stress, 
related to fluid flow, on the apical surface of the epithelia; and circumferential stretch, 
as a result of the resistance to flow, on both surfaces (Fig. 2). Such mechanical forces 
are assimilated into cells, through mechanotransduction processes, to affect cell 
structure, function, proliferation, migration and apoptosis (12-16).  
Recent studies have shown that renal cells sense mechanical stimuli, such as 
fluid shear stress (FSS) generated by urinary flow, to regulate the activity and 
abundance of ion channels (17-20). This process is truly dynamic considering the 
pulsatile and highly variable nature of fluid flow occurring in the tubules, as described 
earlier. The mechanisms underlying mechanosensation are not well understood. It is 
possible that multiple mechanosensory mechanisms are present in renal cells and are 
activated with FSS. Among the putative molecular components reported to sense FSS 
are the microvilli, the glycocalyx, the cytoskeleton, integrin signaling, and several 
transmembrane ion channels (21, 22). In addition to those, primary cilia have recently 
been reported to serve as a sensor for fluid flow (23). This concept will be introduced 
in subsequent sections.  
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Figure 2. Mechanical forces acting within the renal epithelial tubules. Pro-urine flowing 
through a renal epithelial segment induces hemodynamic forces that can be categorized into 
two principle components: 1) a force parallel to the luminal wall, defined as shear stress, and 
2) a force perpendicular to the wall, defined as circumferential stress. 
Cilia in vertebrates 
Cilia are slender, microtubule-based organelles which protrude from the apical surface 
of most eukaryotic cells. Cilia can be classified into two main categories, motile cilia 
and non-motile or primary cilia. Motile cilia have a clear role in the propulsion of 
extracellular fluid. In vertebrates, they are often present in bundles of hundreds of cilia 
(multiciliated cells), for example, in the spinal cord and ventricles of the adult brain, in 
the airways, and in the oviduct/fallopian tubes. In the respiratory tract, cilia-driven 
movement of mucus is required to clear the airways of pathogens that can cause 
infection. In the female reproductive tract, motile cilia beat in a coordinated and 
polarized fashion to generate a directional fluid flow that mobilizes oocytes released 
from the ovaries into the fallopian tubes. The ciliary mobility is generated by a dynein-
motor-based mobility apparatus, containing dynein arms and radial spokes associated 
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with a ciliary axoneme of two central microtubule (MT) singlets and nine radially 
arranged MT doublets (9 + 2 pattern) (24) (Fig. 3).  
Conversely, the non-motile primary cilium is a single, antenna-like organelle 
that is present in most other non-proliferating cells, with a few exceptions, such as 
immunological cells and intercalated cells (25). Its immotility is caused by the absence 
of the two central MT singlets and the dynein motility apparatus, while the axonemal 
stalk of nine microtubule doublets (9 + 0 pattern) is retained. Therefore, it was long 
thought that these immotile cilia were evolutionary remnants without a relevant 
function. Only in the last 15 years, evidence has emerged of their critical role as a 
sensory organelle, translating extracellular signals, mechanical or chemical, into 
intracellular biochemical responses (23).  
 
Formation and structure of cilia 
Cilia are dynamic structures that assemble and disassemble in a cell cycle-dependent 
fashion. The initiation of cilium assembly, known as ciliogenesis, requires the 
availability of the oldest of the two centrosomal centrioles, the mother centriole, at the 
cell surface. Therefore, a cilium can only be formed at the stage of cellular quiescence, 
during the G1 phase of the cell cycle. Upon translocation to and docking at the cell’s 
surface, the mother centriole becomes the ciliary basal body, which is the nucleation 
site of the axonemal microtubules. These are enclosed by a ciliary membrane that is 
continuous with the plasma membrane, but distinct in composition (24). When cellular 
cues direct cell cycle re-entry, the cilium is disassembled into a centriole, allowing the 
centrosome to be formed again to organize the cellular microtubules at the mitotic 
spindle during mitosis (26).  
The distal region of the basal body, where assembly of the axoneme starts, is 
referred to as the transition zone. Cilia are devoid of a protein biosynthetic machinery, 
therefore proteins required to function in the ciliary compartment are synthesized in 
the cytoplasm and transported to the ciliary base, where ciliary entry is regulated. The 
transition zone here functions as a membrane and soluble protein diffusion barrier, 
maintaining and regulating ciliary protein composition (27). Transport within the cilium 
is organized by a specialized motor protein-driven transport system that uses two 
multi-subunit intraflagellar transport systems, IFT-A and IFT-B. These particles traffic 
proteins and associated cargo along the axonemal microtubule tracks in a bidirectional 
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fashion: IFT-B particles move from the base of the cilium to the tip (anterograde 
transport), driven by the kinesin-2 motor, and IFT-A moves in the opposite direction 
(retrograde transport), driven by the cytoplasmic dynein 2 motor. Consequently, IFT 
determines the length of cilia by regulating the balance between assembly and 
disassembly of cilia. Genetic defects leading to loss of function of IFT proteins result 
in malformation, absence or dysfunction of the cilium (28, 29). Another protein complex 
known as the BBSome (whose subunits are disrupted by mutations in the cognate 
genes in Bardet–Biedl syndrome) is required for vesicular trafficking of essential ciliary 
membrane receptors such as Hedgehog components towards and within the cilium, 
where it is stably connected to the IFT particles and undergoes IFT (30). Such ciliary 
membrane proteins thus confer the sensory function of the cilia.  
 
 
 
Figure 3. Architectural comparison between primary and motile cilia. Cross sectional 
outline of a primary and a motile cilium, illustrating that primary cilia are characterized by the 
presence of an array of nine doublet microtubules (9 + 0), while motile cilia also comprise a 
dynein-based motility apparatus, such as dynein arms and radial spokes, and a central pair of 
singlet microtubules next to the array of nine (9 + 2). 
  General Introduction 	
	 17 
 
Primary cilium as a sensory organelle and its signaling 
Subsequently, researchers have established primary cilia as a sensory organelle that 
responds to mechanical and chemical stimuli in the environment, and relays these 
external signals to the cell’s interior (31). In addition, primary cilia also sense light (32), 
osmolarity (33), temperature (34) and even gravity (35).  
With the primary cilia being sensors to many types of stimuli, it is expected that 
many specialized proteins such as receptors, ion channels, kinases, and 
phosphatases are localized within the ciliary compartment. These specialized proteins 
coordinate several signaling pathways (31) depending on the cell type. This includes 
signaling through calcium (Ca2+), Wingless (Wnt) and Hedgehog (Hg) pathways, 
serine/threonine protein kinases, neuronal and purinergic receptors, and 
communication with the extracellular matrix (33, 36-40). This thesis introduction 
focuses on Ca2+ and serine/threonine signaling, which are linked to 
mechanosensation (bending of primary cilia) of urinary flow.   
 
Mechanosensation-based calcium signaling  
Calcium signaling regulates a large number of physiological processes and is widely 
considered as a multipurpose intracellular signaling molecule (41). Several studies in 
different cell types including cholangiocytes and renal cells have demonstrated that 
primary cilia are involved in the regulation of intracellular Ca2+ signaling through two 
cilium-associated proteins, polycystin-1 (PC1), a cell-surface receptor, and polycystin-
2 (PC2), a transient receptor potential channel (42, 43). PC2 is a non-selective cation 
channel with high permeability to Ca2+. In primary cilia, PC2 co-localizes with PC1 to 
function as a component of a mechanosensory complex, activation of which results in 
increased intracellular calcium [Ca2+]i (43, 44). Fibrocystin has been found to interact 
with PC2 to regulate its function and expression (45) (Fig. 4). In addition to PC2, recent 
studies have revealed that primary cilia also express another Ca2+-permeable channel 
with mechanosensory properties, the transient receptor potential vanilloid subfamily 4 
(TRPV4) channel (46, 47). These studies further showed that cilium-mediated flow 
response, as of influx of Ca2+, requires TRPV4 to form a mechanosensory complex 
with PC2. 
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The initial increase in [Ca2+]i originates from the entry of extracellular Ca2+ 
through PC2, which, in turn, stimulates the release of Ca2+ from intracellular stores 
through activation of the inositol trisphosphate (IP3) or ryanodine receptors, depending 
on the cell type (43, 44). Later studies further demonstrated that this response involves 
a release of autocrine/paracrine factors, such as ATP and prostaglandin E2 (PGE2), 
that are likely transduced by P2X and P2Y purinergic receptors on or near the primary 
cilium (38, 48). A model illustrating this is shown in figure 4. Conversely, the group of 
Clapham has provided evidence that Ca2+ signaling is confined to the ciliary 
compartment (49, 50). Later, the same group has reported that flow sensing by primary 
cilia is not coupled to calcium signaling (51). Clearly, rigorous research is required to 
clarify this contradiction. 
 
 
Figure 4. Mechanosensation-based signaling initiated by FSS and primary cilia bending 
(40, 43). Two signaling pathway are depicted; calcium signaling and LKB1-mTOR signaling. 
Bending of cilia by flow triggers the formation of PC1, PC2 and fibrocystin complex that allow 
Ca2+ influx via the PC2 channel. Initial entry of Ca2+ subsequently results in the release of Ca2+ 
from the endoplasmic reticulum. Bending of cilia also results in translocating LKB1 to the basal 
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body, where it phosphorylates AMPK to trigger the intracellular cascade depicted above. This 
cascade ultimately leads to inhibition of mTORC1 signaling, hence regulates cell size. 
 
Mechanosensation-based mTOR signaling  
mTOR, referring to mammalian target of rapamycin, is a serine/threonine protein 
kinase that together with other proteins forms two distinct molecular complexes 
(mTOR complex 1 and mTOR complex 2) to regulate many cell activities, such as cell 
proliferation, cell growth, cell size and protein synthesis (52). Mechanosensation-
based mTOR signaling has been demonstrated by Boehlke and colleagues (40). They 
have shown that flow-mediated bending of cilia results in the inhibition of the mTORC1 
complex, which in turn regulated renal cell size (Fig. 4). Looking further into the 
mechanism, the group reported that this process is mediated by the activation of the 
LKB1-AMPK pathway. Upon cilium bending, LKBl (Liver kinase B1; a tumor 
suppressor kinase) located in the cilium is activated and transported into the cilium 
basal body, where AMP-activated protein kinase (AMPK) is phosphorylated. 
Phosphorylation of AMPK subsequently regulates mTORC1 signaling, which controls 
cell size through the phosphorylation of S6 kinases (S6Ks).  
 
Ciliopathies  
By the 1990s, researchers have started to investigate the function of primary cilia with 
increasing interest. This was preceded by identification of multiple genetic disorders 
caused by mutations in genes encoding proteins that are localized to primary cilia or 
essential to their function: the human ciliopathies (43, 53, 54). Due to the extensive 
presence of primary cilia in multiple organs and their versatile role, dysfunctional 
primary cilia cause a complex phenotype that includes features ranging from obesity 
and cyst formation to blindness and mental retardation (55). The polycystic kidney 
disease (PKD) is one of the most prevalent features of ciliopathies. Insights into the 
renal primary cilia function were first obtained from PKD, from which a connection 
between ciliary malfunction and cyst formation was hypothesized (56).  
 
Polycystic kidney disease  
Polycystic kidney disease is one of the most prevalent features of ciliopathies and is 
the second most common genetically inherited disease (57). It involves epithelial 
dedifferentiation and over-proliferation resulting in the growth of fluid-filled cystic 
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lesions in the renal tubules (58). These cysts impair the ability of the kidney to filter 
blood, which ultimately results in chronic kidney failure. There are two forms of PKD; 
autosomal dominant (ADPKD), which is the most frequent form, and autosomal 
recessive (ARPKD). The only available treatments are kidney dialysis and 
transplantation (58). 
Two genes have been implicated in ADPKD, PKD1 (encoding for PC1) and 
PKD2 (encoding for PC2) (59, 60), both of which are localized in the primary cilia (Fig. 
4). The influx of Ca2+ into the cell, following the bending of primary cilia, inhibits the 
generation of cyclic AMP, a powerful modifier of transcriptional regulation that 
enhances epithelial proliferation in PKD (61). Furthermore, under flow condition, 
STAT6, a transcription factor that stimulates gene expression, is sequestered in the 
cilium by binding to the C-terminal domain of PC1 (62). Another mechanism involved 
in PKD pathogenesis is the activation of the mTORC1 pathway observed in ADPKD 
patients. This observation was strengthened when administration of rapamycin (a 
mTOR inhibitor) reduced renal cystic symptoms in animal models of PKD (63).    
Collectively, the data support that the mechanosensation-based regulation of 
intracellular Ca2+ levels is important in suppressing proliferation and maintaining 
differentiation of the epithelia. This notion has provided significant insights into the role 
of primary cilia in the kidney. However, the consequences of ciliopathies on renal 
electrolyte handling have been poorly studied if not completely ignored, even though 
patients with ciliopathies suffer from disturbances in renal electrolyte handling (i.e. 
ARL6-associated Bardet–Biedl syndrome and Lowe syndrome (64)).  
Primary cilia function in the kidney 
A single centrally located primary cilium, typically 2–4 µm in length, is present on the 
apical surface of almost all renal epithelial cells including the Bowman’s capsule, the 
tubule and collecting duct of the adult kidney in mammals (65, 66). An exception to 
this is its absence in intercalated cells in the connecting tubule and collecting duct of 
the nephron. The presence of primary cilia in different parts of the nephron raises 
interesting questions concerning the significance of primary cilia in the kidney. Much 
of the recent work that has led to a better fundamental understanding of the primary 
cilium has been carried out in model organisms such as the green algea, 
Chlamydomonas reinhardtii, and the worm, Caenorhabditis elegans, or in 
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immortalized ciliated mammalian cells. To understand specific phenotypic 
characteristics, however, one has to study the affected cell type. 
The apical location of primary cilia on epithelial cells in the kidney means that 
they are in constant contact with the contents of Bowman’s capsule and the tubule; 
these contents are in constant motion considering the variable urinary flow. The 
physiological importance of flow-mediated salt and water transport has long been 
recognized. The putative function of primary cilia as a mechanosensor led to the 
hypothesis that the flow-mediated salt and water transport along the nephron are 
coordinated by primary cilia (Fig. 5-7). 
 
Flow-stimulated events in the proximal tubule 
Epithelial cells lining the proximal tubule (PT) are the first among the tubule 
cells to experience changes in luminal fluid shear stress (FSS) induced by variation in 
GFR. These cells are responsible for reabsorbing a large percentage of the Na+, K+, 
H+, Cl-, HCO3-, NH4+, Pi, Ca2+, and Mg2+ ions;  low molecular weight proteins, glucose 
and water from the ultrafiltrate via paracellular and transcellular transport, and 
receptor-mediated uptake (67). The entire apical membrane of these cells elaborates 
tiny projections of highly differentiated brush-border microvilli, which are covered by 
glycocalyx (68). Primary cilia are also expressed alongside the microvilli (Fig. 5), both 
of which are reported to sense changes in FSS that are subsequently transduced into 
physiological responses (20).  
Studies until the 1980s in rat PT, using microperfusion and single-tubule 
micropuncture, demonstrated that at higher perfusion rate the reabsorption capacity 
of Na+, K+, HCO3- and water increased as compared to that at lower perfusion rate 
(69-72). In recent studies (73), using isolated mouse PT perfusion, it has been shown 
that Na+/H+ exchanger isoform 3 (NHE3) and H+-ATPase activities regulate the flow-
induced Na+ and HCO3- reabsorption as depicted in figure 5. Other studies have 
demonstrated FSS-mediated changes in PT cell morphology, such as cytoskeletal 
reorganization (74). The aforementioned responses are purported to be induced by 
microvilli rather than primary cilia (73-75). 
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Figure 5. Flow stimulated events in the PT. FSS-dependent bending of the primary cilia 
causes Ca2+ influx through ciliary localized to mechanosensitive Ca2+ channels, subsequent 
Ca2+-stimulated Ca2+ release from the endoplasmic reticulum, and increases in apical 
endocytic capacity. 
 
Most recent studies by Raghavan et al. have observed the stimulation of the 
apical endocytic capacity of PT in response to FSS (16, 76). Using immortalized PT 
cell lines, they showed that under FSS, cells internalize more fluorescent albumin 
compared to the static condition indicating increased stimulation of apical endocytic 
capacity of megalin/cubilin complexes. This effect was rather specific to the PT since 
it was not observed using MDCK (Madin-Darby canine kidney cell lines) – a model 
system for the collecting duct. Furthermore, these results demonstrate that the 
endocytic response to FSS is dependent on the mechanosensory signaling, as of Ca2+ 
signaling, mediated by primary cilia (Fig. 5).  
 
Flow-stimulated events in the thick ascending limb of loop of Henle  
The thick ascending limb of the loop of Henle (TAL) is an important site for salt 
reabsorption and acid-base regulation. Similar to the PT, NHE3 and H+-ATPase are 
responsible for the bulk of bicarbonate reabsorption along the TAL. A study by 
Capasso et al. demonstrated that flow stimulates an increase of HCO3- reabsorption 
in the rat TAL (77, 78). The Na+/K+/2Cl- cotransporter (NKCC2) is a key transporter for 
salt reabsorption in TAL. Currently, no data indicate flow modulation of NKCC2 activity.  
  General Introduction 	
	 23 
Another event influenced by flow in the TAL is the production of nitric oxide. 
Increase in fluid flow was found to induce endothelial nitric oxide synthase (eNOS) as 
well as its translocation to the apical membrane (79). In endothelial cells, FSS-
mediated nitric oxide production has already been described to be regulated through 
sensing by endothelial primary cilia (80, 81). As the TAL also expresses primary cilia, 
these organelles may also play important roles in FSS-mediated events in this 
segment; this needs yet to be defined. 
 
Flow-stimulated events in the distal convoluted and connecting tubules 
The epithelia of the DCT and CNT play a critical role in the renal regulation of 
electrolytes including Na+, Ca2+, Mg2+, and K+ (3, 82). In DCT/CNT, apical transporters 
such as thiazide-sensitive Na+-Cl- co-transporter (NCC), transient receptor potential 
melastatin type 6 (TRPM6) and transient receptor potential vanilloid 5 (TRPV5) ion 
channels are responsible for fine-tuning of Na+, Mg2+ and Ca2+ concentration, 
respectively, in the urine (3). Indeed, slight disturbances in DCT/CNT electrolyte 
handling lead to excessive urinary Na+, Mg2+ and Ca2+ wasting or hyperabsorption, 
evoking an electrolyte imbalance that causes severe cardiovascular and neurological 
diseases (82, 83). 
To date, substantial advances have been made in characterizing these 
transporters and channels. NCC is energized by a Na+ gradient generated by the 
basolateral Na+-K+-ATPase. Several hormones from the renin–angiotensin–
aldosterone system (RAAS), such as aldosterone and vasopressin play important 
roles in regulating NCC activity (84). However, there is no detailed information about 
whether this transporter can be regulated by luminal flow, let alone by primary cilia. A 
study by Abdallah et al. may, however, indicate a link between flow and NCC activity 
(85). They demonstrated that chronic treatment by furosemide in rats resulted in 
increased luminal flow rate and subsequently increased NCC abundance. The role of 
primary cilia in the electrolyte transport functions of this segment, however, is unknown.  
In the early DCT segment, Mg2+ enters the cell through an apical epithelial Mg2+ 
channel, TRPM6. This process is subject to regulation by dietary Mg2+, pH, ATP and 
hormones (epidermal growth factor hormone and insulin) (86), hence is the rate-
limiting step. Later, Mg2+ diffuses through the cytoplasm to finally be extruded actively 
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by an unknown transporter. A possible FSS and primary cilia-mediated regulation of 
either uptake or extrusion processes remains to be determined. 
 
Figure 6. Overview of Mg2+ and Ca2+ handling in the DCT/CNT and putative flow-
stimulated events in this segment  (3). (A) Apical TRPM6 channels facilitate transport of 
Mg2+ from the luminal fluid into the cell. The Na+-K+-ATPase, situated in the basolateral 
membrane, provides a Na+ gradient that is used by the transporter NCC to facilitate transport 
of Na+ from the tubular fluid into the cytoplasm. Na+-K+-ATPase also provides a K+ gradient to 
generate local membrane potential. (B) A three-step process facilitates active and 
transcellular Ca2+ transport. The first step is the entry of luminal Ca2+ at the apical side of the 
cell through the TRPV5 channel. Subsequently, calbindin-D28K buffers Ca2+, and the Ca2+ 
diffuses to the basolateral membrane. At the basolateral membrane, Ca2+ is extruded by 
PMCA and NCX1. 
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Similarly, in the late DCT and CNT segment, Ca2+ reabsorption is a rate-limiting 
process that determines the final amount of Ca2+ excreted via the urine (87). While 
TRPV5 is responsible for the entry of Ca2+ into the cell from the luminal side, the 
intracellular protein calbindin-D28k carries Ca2+ intracellularly towards the basolateral 
side; and the Na+-Ca2+ exchanger NCX1, the plasma membrane ATP-dependent 
Ca2+-ATPase PMCA (88-90), execute the basolateral extrusion mechanism towards 
the blood circulation (Fig. 6). It has been well established that dietary Ca2+ and several 
hormones (such as 1,25-dihydroxy vitamin D3, parathyroid hormone, and the anti-
aging hormone Klotho) regulate this process; however, no experimental data indicate 
flow-mediated regulation. On the other hand, another apical Ca2+-permeable channel, 
namely TRPV4, whose renal expression and sensory function were recently 
investigated (47), may play a significant role in flow-induced increases in Ca2+ 
reabsorption. However, to our knowledge, the transport properties of TRPV4 in the 
kidney have not been determined.  
Noting the significance of these segments in determining the final 
concentrations of electrolytes to be excreted, it is quite conceivable that FSS and 
primary cilia play a role in the regulation of these processes.  
 
Flow-stimulated events in the collecting duct 
The mammalian cortical collecting duct (CCD) is another major regulatory site of renal 
Na+ and K+ handling (91). Two cell populations are expressed in the CCD: principal 
cells, that reabsorb Na+ and secrete K+ (92); and intercalated cells, that regulate the 
acid-base balance and K+ reabsorption (93). Unlike any other renal cells, the 
intercalated cells do not express primary cilia (66). In the CCD, Na+ reabsorption is 
considered to be electrogenic, hence mediated by diffusion from the urinary fluid into 
the cell through the apical amiloride-sensitive epithelial Na+ channel (ENaC) (92). 
Conversely, K+ secretion is mediated by an ATP-dependent potassium channel 
(ROMK) and the Maxi K+ channel (BK) (93). Aldosterone is the prime mediator of the 
hormonal regulation of Na+ and K+ in the principal cells, DCT and CNT; which together 
constitute the aldosterone-sensitive segment of the nephron (84, 91). Aldosterone 
increases Na+ reabsorption and K+ secretion to maintain body ion concentration, 
extracellular fluid volume and blood pressure at the physiological level. Increase in 
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urinary flow, hence FSS, has also been found to regulate both Na+ reabsorption and 
K+ secretion in the CCD (94, 95).  
Figure 7. Flow-mediated events in the CCD. Two types of cells are present in the CD, 
principal cells and intercalated cells. The latter is also sparsely present in the CNT. Apical BK 
channels are expressed in both cell types. An increase in flow, thus increase in FSS, activates 
BK channel-mediated K+ secretion, which requires ENaC-mediated apical Na+ entry, an 
increase in intracellular Ca2+ concentration, and basolateral NKCC1 activity. Sustained 
activation of BK occurs indirectly through paracrine and autocrine signaling by ATP and PGE2. 
 
A growing body of evidence suggests that the flow-mediated increase in Na+ 
reabsorption is mediated by ENaC, and is achieved by increasing the open probability 
of the channel (94, 96). Satlin’s group has extensively investigated flow-activated K+ 
secretion in CCD. They found that the BK channel is responsible for flow-induced K+ 
secretion in CCD (97). The BK channel is a Ca2+-activated channel, hence an 
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elevation of [Ca2+]i, enhances the BK channel activity. As mentioned earlier, primary 
cilia sense increases in urinary flow rates to activate Ca2+ entry that, in turn, induces 
Ca2+ release from intracellular stores to elevate [Ca2+]i. Apart from the initial entry of 
Ca2+, bending of primary cilia is also involved in the release of ATP and PGE2 factors 
that stimulate signaling pathways responsible for maintaining BK activation (11, 98).  
Interestingly, intercalated cells without cilia show the same [Ca2+]i and ATP 
release responses to flow as principal cells (99), the mechanism of which remains to 
be solved. Some suggest that the microplicae (slight protrusion of the apical 
membrane) serve the same function as the microvilli in the proximal tubule. Others 
suggest that the ATP and PGE2 released from principal cells lead to paracrine 
activation of BK channels in the intercalated cells (11, 38, 98).  
Outline of this thesis  
External cues such as mechanical forces generated by fluid flow play a crucial role in 
the normal renal architecture and physiology. And since the discovery of primary cilia 
as a mechanosensor and failure-prone organelle, many researchers are trying to 
delineate its physiological role in the context of the different functions of the kidney 
including electrolyte handling. This thesis aims to understand the functional 
consequences of mechanosensation of urinary flow in the kidney with a special 
emphasis on electrolyte handling, and how the primary cilia fit in this process. Chapter 
2 aims to identify the primary cilia-dependent transcriptome changes of renal epithelial 
cells in response to fluid shear stress using RNA-seq analysis on inner medullary 
collecting duct cells-3 (IMCD3) subjected to physiological relevant FSS. This study 
resulted in identifying pathways regulated by primary cilia bending due to flow. In 
Chapter 3, the effect of FSS on transepithelial Ca2+ transport in DCT and CNT was 
investigated. The DCT/CNT is very important in fine-tuning the final concentration of 
ions, such as Ca2+ and Mg2+, in serum and urine.  Due to the absence of a 
representative DCT/CNT cell model, the study of FSS-mediated regulation of major 
electrolyte transporters such as TRPV5 was largely impeded. Here, we developed 
novel sorting technique to isolate DCT/CNT of transgenic mice. Isolated tubules were 
exposed to physiological shear stress with the help of a 2D rocker system. This 
chapter extended our knowledge of the flow-activated events that occur in DCT/CNT 
segments for maintaining Ca2+ balance. While in Chapter 4, the mechanism 
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underlying the effect of different types of fluid flow on the Ca2+ channel TRPV5 was 
investigated. Here the CRISPR/Cas9 gene editing tool was utilized to generate an  
IMCD3 cortical collecting duct cell line stably expressing TRPV5. Later, these cells 
were exposed to two types of fluid flow, oscillatory and unidirectional fluid flow, 
followed by functional analysis of TRPV5.  
In the previous three chapters, we employed several in-vitro and ex-vivo 
techniques in our pursuit to study the role of FSS and primary cilia in renal electrolyte 
handling. Next, we sought to identify the clinical relevance of renal electrolyte 
reabsorption regulated by primary cilia. A hallmark of many human ciliopathies is the 
formation of kidney cysts, such as in PKD, which ultimately leads to renal failure. 
Mutations in PKD1 account for 80 to 85% of cases of ADPKD, while the remaining 
cases are ascribed to mutations in PKD2 (100). However, little is known about the 
implications of dysfunctional PKD1 on the renal electrolyte handling prior to cyst 
formation. The aim of Chapter 5 was, therefore, to assess the electrolyte balance in 
kidney-specific Pkd1 knockout mice with a pre-cystic phenotype. This study provided 
early clinical manifestations concerning electrolyte disturbance of PKD in patients. 
Finally, in Chapter 6 the findings of this thesis are summarized and discussed to 
augment our understanding of mechanosensation and primary cilia function in the 
kidney.  
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Abstract 
Renal tubular cells respond to mechanical stimuli generated by urinary flow to regulate 
the activity and transcript abundance of important genes for ion handling, cellular 
homeostasis, and proper renal development. The primary cilium, a mechanosensory 
organelle, is postulated to regulate this mRNA response. The aim of this study is to 
reveal the transcriptome changes of tubular epithelia in response to fluid flow and 
determine the role of primary cilia in this process. Inner-medullary collecting duct (CD) 
cells were subjected to either static or physiologically relevant fluid flow (~0.6 dyn/cm2). 
RNA-sequencing analysis of ciliated cells subjected to fluid flow showed up-regulation 
of 1379 genes and down-regulation of 1294 genes compared with static control cells. 
Strikingly, only 54 of these genes were identified as gene candidates sensitive to 
primary cilia sensing of fluid flow, of which 16 were linked to pathways related to ion 
or water transport in the CD. Validation by quantitative real-time PCR revealed that 
only the expression of transferrin receptor, which is involved in iron transport; and 
tribbles pseudokinase 3, which is involved in insulin signaling, were unequivocally 
regulated by primary cilia sensing of fluid flow. This study shows that the involvement 
of primary cilia in ion transport in the collecting duct is exceptionally specific. 
 
Key words: RNA-seq, fluid flow, electrolyte transport, iron uptake 
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Introduction 
In mammals, kidney function is pivotal maintaining the body’s water and electrolyte 
balance. Ultrafiltrate exiting the glomeruli flows throughout the tubular segments of the 
nephrons, where most of the water and electrolytes previously filtrated are efficiently 
reabsorbed. Tubular water and electrolyte reabsorption is facilitated by paracellular 
and transcellular mechanisms involving tight junction proteins, water channels, ion 
channels and transporters, and their associated regulatory proteins (1, 2). The urinary 
flow rate is highly variable (5 - 15 nl/min under physiologic conditions) depending on 
heart rate and a tubuloglomerular feedback mechanism mediated by the macula 
densa (3, 4). Variation of urinary flow can also occur secondary to volume expansion, 
osmotic diuresis or diuretic administration (5, 6). Fluctuations in urinary flow result in 
changes in luminal pressure, which cause axial fluid shear stress and circumferential 
stretch. It is notable that, despite the fluctuation of tubular fluid flow and consequent 
electrolyte load, the renal tubular epithelia have an extraordinary capacity to adapt 
paracellular and transcellular ion transport fluxes to the changes in the content of the 
tubular lumen. This exceptional adaptation abilities are crucial for maintenance of the 
body’s electrolyte and water balance. It is therefore postulated that the tubular epithelia 
sense urinary flow to regulate water and electrolyte balance. 
 In the nephron, the collecting duct (CD) constitutes the last tubular segment 
through which urinary fluid transits before being excreted. The CD is of paramount 
relevance for the maintenance of the water and electrolyte balance because water and 
electrolyte reabsorption does not occur beyond this segment. Thus, the CD 
determines the final composition of the urine. In detail, the CD is composed of two cell 
types, namely the principal and intercalated cells. Principal cells are a key regulatory 
site for sodium (Na+), potassium (K+), chloride (Cl-) and water handling (7). Intercalated 
cells have been known to participate in the regulation of the acid-base balance. 
However, several lines of evidence indicate that intercalated cells also play a 
significant role in the regulation of Na+, Cl-, and K+ homeostasis (8). Na+ reabsorption 
is mainly electrogenic, hence its mediation by diffusion from the urine into the cell 
through the apical amiloride-sensitive epithelial Na+ channel (ENaC), whereas K+ 
secretion is mediated by an ATP-dependent potassium channel [renal outer medullary 
channel (ROMK)] and the the Maxi K+ channel (BK) (7, 9). Water reabsorption in the 
CD is facilitated by the water channels aquaporins (AQPs) (10). Previous studies have 
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shown that an increase in urinary flow, which elicits fluid shear stress in the CD 
epithelia, regulate CD Na+ reabsorption and K+ secretion (11-13). These effects of fluid 
flow on the CD electrolyte handling lead to the conclusion that renal tubular cells 
respond to fluid flow to regulate the activity and abundance of electrolyte channels and 
transporters in the CD. In fact, this postulation has been demonstrated in the 
connecting tubule of the nephron, where fluid shear stress regulates the gene 
expression of Trpv5 and Ncx1, coding the proteins that allow transepithelial Ca2+ 
transport in this segment of the nephron (14).   
Primary cilia are microtubule-based structures that protrude out of the luminal 
side of almost all types of mammalian cells. Recently, it has been suggested that the 
primary cilium enables renal cells to sense variations in luminal fluid flow and translate 
it into intracellular signals that regulate cellular processes, including gene transcription 
(15). In the CD, primary cilia are present in principal cells. Therefore, it is hypothesized 
that primary cilia-mediated mechanosensation of urinary flow might contribute to the 
regulation of the transcription of genes involved in water and electrolyte handling, in 
addition to other cellular processes, in the CD.  
In the present study, we aim to identify the genes regulated by primary cilia 
sensing of fluid flow in the CD to understand their implications on water and electrolyte 
handling as well as cellular homeostasis. To this end, we performed RNA-sequencing 
(RNA-seq) and quantitative RT-PCR (RT-qPCR) analyses on ciliated and non-ciliated 
mouse inner-medullary CD (IMCD3) cells derived by CRISPR/cas9 mediated Ift140- 
and Dync2h1 knockout (KO) exposed to fluid flow.  
Materials and methods 
Cell lines and cell culture  
IMCD3 cells were cultured in DMEM/F-12 1:1 v/v medium (Sigma-Aldrich, St. Louis, 
MO, USA) supplemented with 1 mM sodium pyruvate, 10% v/v fetal calf serum, and 
10 μg/ml ciproxin, at 37oC and 5% v/v CO2. Cells were seeded into microslide six-
channel ibiTreat chambers (ibidi, Martinsried, Germany) at a cell suspension density 
of approximately 0.7 × 106 cells/ml. The medium was refreshed twice a day. To induce 
ciliogenesis, cells were grown to confluency for 2 days, followed by an additional 1 day 
in serum-deprived medium prior to the flow experiment (Fig. 1A). 
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Generation of Ift140 or Dync2h1 KO IMCD3 cell lines 
IMCD3 cells without cilia were generated (Ift140 or Dync2h1 genes was knocked-out 
(KO)) using CRISPR/Cas9 technology. The CHOPCHOP website 
(https://chopchop.rc.fas.harvard. edu/) was used to design single guide RNA (sgRNA) 
targeting the Dync2h1 gene or Ift140. Only sgRNAs that have one predicted target 
sequence in the mouse genome were selected. sgRNA targeting the eighth exon of 
Ift140, 3’-ATAAAGGACGAGTAGCTATG-5’; sgRNA targeting the first exon of 
Dync2h1, 3’-CACCGAGAGTTTGCGGACATCTCCG-5’; and sgRNA that have no 
target sequence in the mouse genome, 3’-GCGAGACAGTTTGACCGTCT-5’ (as 
negative control); were used. sgRNAs were cloned in the pSpCas9(BB)-2A-GFP 
vector (PX458) (Integrated DNA Technologies, Coralville, IA, USA) by using BbsI sites. 
The insertion of sgRNAs was verified by sequencing (U6 primers). IMCD3 cells were 
transfected with the different constructs using jetPRIME (Polyplus transfection reagent, 
New York, NY, USA) according to the manufacturer’s instructions. 72 h post 
transfection, cells were checked for their green fluorescence protein (GFP) expression, 
harvested, and filtrated using 70 µm syringe Falcon (BD Bioscience) prior to sorting 
as GFP positive single cell in 96 well plates using flow cytometry. To confirm knockout 
of the gene, the genomic DNA of the cells was isolated and sequenced.  
 
Application of flow  
After 1 d of culture in serum-deprived medium, cells were incubated under static 
condition or exposed to fluid flow for 3 h at 37 oC. To apply fluid flow, the microslide 
ibidi chamber was connected to a peristaltic pump (ISMATEC, Wertheim, Germany) 
with a series of tubing and connectors extending to a reservoir (see Supplemental Fig. 
S1A for schematic representation). Each well was perfused with serum-deprived 
medium at a physiological rate of 0.45 ml/min. The fluid flow rate was set to generate 
a physiological stress of 0.6 dyn/cm2, a force within the ciliary-bending profile reported 
in previous studies (16, 17). For static condition, medium was refreshed. Next, cells 
were either lysed for RNA isolation or fixed for immunostaining. 
 
RNA isolation and cDNA synthesis 
After cells were incubated under static or fluid flow condition, RNA was extracted using 
the RNAesy Micro kit (QIAGEN, Hilden, Germany). Briefly, cells were lysed in RLT 
buffer (provided by the kit) containing ß-mercaptoethanol. Lysis mix was transferred 
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into a spin-column and subsequent steps of washing and DNAse treatment (to remove 
genomic DNA contamination) were applied according to the manufacturer’s protocol. 
Finally, RNA was diluted in 14 µL of nuclease-free ultrapure water. Subsequently, RNA 
was reverse-transcribed by Moloney Murine Leukemia Virus Reverse Transcriptase 
(Invitrogen, Bleiswijk, The Netherlands) according to the manufacturer’s instructions 
(1 h at 37°C).  Samples were subsequently diluted 1:5 with nuclease-free ultrapure 
water and stored at −20°C until further use. 
 
Library preparation for sequencing  
After cells were incubated under static or fluid flow condition, RNA was extracted using 
the RNAesy Micro kit (QIAGEN, Hilden, Germany). For library preparation, an average 
of 650 ng of total RNA from each condition was taken (n = 3). First, ribosomal RNA 
(rRNA) was depleted using the riboZero Gold rRNA removal kit (Illumina, San Diego, 
CA, USA). Quality of cDNA and the efficiency of ribosomal RNA removal was 
confirmed using quantitative RT-PCR with primers for HPRT and 18S rRNA. mRNA 
was then hydrolyzed into 200 - 300 bp fragments by incubation with fragmentation 
buffer (200 mM tris-acetate, 500 mM potassium acetate, 150 mM magnesium acetate, 
pH 8.2) at 95°C for 4.5 min. First strand cDNA was synthesized using SuperScript III 
(Life Technologies, Carlsbad, CA, USA), followed by synthesis of the second cDNA 
strand using E. coli DNA ligase (NEB, Ipswich, MA, USA). After purification using 
Agencourt AMPure XP beads (Beckman Coulter, Brea, CA), the double stranded DNA 
proceeded to illumina library preparation using the KAPA hyper prep kit (KAPA 
Biosystems, Boston, MA, USA) according to the manufacturer’s protocol. This 
includes end repair and A-tailing and adapter ligation. Post-ligation cleanup was 
performed using Agencourt AMPure XP reagent and products were eluted in 20 μl 
elution buffer. Prior to library amplification, samples were incubated with 3 µl USER 
enzyme (NEB, Ipswich, MA, USA) for 15 min at 37°C to digest the second cDNA strand. 
Next, libraries were amplified using KAPA HiFi Hotstart ReadyMix. Samples were 
purified using the QIAquick MinElute PCR purification kit and 300 bp fragments 
selected using E-gel. Correct size selection was confirmed by BioAnalyzer analysis.  
 
RNA-sequencing   
The library was sequenced using an Illumina NextSeq 500 sequencer (Illumina, San 
Diego, CA, USA) with a 2 × 42 bp paired-end module. The sequencing analysis yielded 
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683 million paired-end reads corresponding to 57.4 Gbp of valid sequence data 
without adapter sequences. 
 
RNA-seq data analysis  
To assess sequencing read quality, FastQC version 0.11.5 was run on the 36 Illumina 
fastq input files (paired end data for 18 samples; Supplemental Table S1A). Read 
quality of all 36 samples was sufficient to map the sequence reads to mouse exons: 
with 0 poor quality reads, GC percentages between 55-59% and percentage of not 
replicated reads between 36.2 – 51.1%. A total of 478,313 exon sequences with 
flanking 50 bp sequences totaling 217 Mbp were obtained from Ensembl Biomart 
(www.ensembl.org/biomart) for the GRCm38.p5 mm10 mouse genome assembly. 
RSEM version 1.2.31 (18) was used for expression analysis of the sequence reads 
mapped to the mouse exons. RSEM used Bowtie2 version 2.1.0 (19) for mapping, 
where depending on the sample 41 - 51% of the reads aligned to the mouse exon 
sequences. The TPM (transcripts per million) measure was used to quantify gene 
expressions. In-house scripts were used to generate a table with gene symbols and 
their TPM values in the respective 18 samples (a sample of the dataset is shown in 
Supplemental Table S1B). 
 The resulting table with TPM values were subsequently analysed with R 
(www.r-project.org) and the Bioconductor library (www.bioconductor.org). 
Differentially expressed genes were identified using the limma package  (20) using a 
cut-off for the adjusted p-value (Benjamini-Hochberg) of 0.05.  
 
Pathway and gene ontology enrichment analysis 
Pathway and gene ontology (GO) enrichment analysis on differentially expressed 
genes was performed using the NIH Database for Annotation, Visualization and 
Integrated Discovery (DAVID) version 6.8 (21, 22). KEGG (Kyoto Encyclopedia of 
Genes and Genomes) pathways and biological processes were ranked by p-value.  
 
Quantitative real-time PCR 
Relative mRNA expression was assessed by quantitative real-time polymerase chain 
reaction (RT-qPCR). Primers used for RT-qPCR were designed using the Primer-
BLAST tool (http://www.ncbi.nlm.nih.gov/tools/primer-blast/) and are shown in Table 
1. Two and a half μL of cDNA template and an optimal concentration (which was 
 Transcriptomics of renal primary cilia sensing 	
	 45 
determined for each gene during primer validation and was of 400 nM) of forward and 
reverse primers were added to 6.25 μL 2×iQ™SYBR® Green supermix (Bio-Rad, 
Veenendaal, The Netherlands). The total volume was adjusted to 12.5 μL with 
diethylpyrocarbonate (DEPC)-treated deionized H2O. RT-qPCR (7 min at 95°C, 40 
cycles of 15 s at 95°C and 1 min at 60°C) was carried out using a CFX96 detection 
system (Bio-Rad, Veenendaal, The Netherlands). As a negative control, the cDNA 
template was substituted for DEPC-treated water. Additionally, to ensure that residual 
genomic DNA was not being amplified, control samples, in which reverse transcriptase 
was omitted during cDNA synthesis, were included in the plates during measurements. 
All samples were normalized to the expression level of the standard mouse-specific 
reference gene Gapdh (Glyceraldehyde 3-phosphate dehydrogenase). Gene 
expression data were calculated using the Livak method (2−ΔΔCt) and they represent 
the mean fold difference from the calibrator/control group. 
 
Immunocytochemistry and imaging 
Following experimentation, cells were first rinsed with ice-cold phosphate-buffered 
saline solution (PBS) followed by 30-min fixation and 15-min permeabilization in 4% 
w/v paraformaldehyde in PBS and permeabilization buffer (0.3% v/v Triton X-100 in 
PBS and 0.1% w/v BSA) respectively. Wells with cells were incubated overnight at 
4°C with anti-ARL13b (raised in rabbit, 1:800; Proteintech Group, Manchester, UK) in 
Goat Serum Dilution Buffer (GSDB: 16% v/v goat serum in PBS pH 7.4). Next, wells 
were washed with PBS and incubated for 1 h at room temperature in 1:250 diluted 
Alexa Fluor® 594 conjugated anti-rabbit IgG (Molecular Probes, Eugene, OR, USA) 
in GSDB buffer in the dark. Cells were further co-stained with anti-γ-tubulin (raised in 
mouse, 1:800, Sigma-Aldrich, St. Luis, MO, USA) for 2 h at room temperature, 
followed by 1 h incubation with 1:250 diluted Alexa Fluor® 648 conjugated anti-mouse 
IgG (Molecular Probes, Eugene, OR, USA), and mounted on slides using Mowiol 
(Polysciences Europe GmbH, Eppelheim, Germany). DAPI was used as nuclear 
counterstain.  
 Images were acquired using an Olympus FV1000 Confocal Laser Scanning 
Microscope equipped with ax60 oil-immersion objective. A z-stack with 0.1-0.25 μm 
between each slice was acquired throughout the length of the ciliary axoneme and the 
nucleus.  
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Table 1. Primer sets used for RT-qPCR analysis 
Gene Forward (5’–3’)  Reverse (5’–3’) 
Gapdh TAACATCAAATGGGGTGAGG GGTTCACACCCATCACAAAC 
Ptgs2 ATGGGTGTGAAGGGAAATAAGG TCAGGGATGAACTCTCTCCG 
Dusp6 TACGACGAGAATAGCAGCGA ACTTACTGAAGCCACCTTCCA 
Plau AGAGCTCTGTCTGTCATCCAT CTCTAGACAGCAGTTCGGTGA 
Rrad AGAGTTGAGTCCTACCTGCTC TTCAGGGTCATCGTGTTGGA 
Serpine1 CACCCTCAGCATGTTCATCG CCAGAGAGAACTTAGGCAGGA 
Trib3 GACTCTCTGTGGGACAAGCA TCGTGGAATGGGTATCTGCC 
Ppp2r5b ACAGAGCATGTTATCCGGGG CTTCACAAACTGGGAGGGCT 
Hspa1a CGAGGAGGTGGATTAGAGGC GGACTTGATTGCAGGACAAACT 
Hspa1b GTGCACTGTACCAGGGGAT CCAGGCTACTGGAACACTGA 
Egln3 TCTAGACAGTGACGACGACC GGAAAATGGAGCATCCACCG 
Relb TTCCCTGTCACTAACGGTCTC GGCCAAAGCCGTTCTCCTTA 
Cldn3 GCACCCACCAAGATCCTCTA GTAGTCCTTGCGGTCGTAGG 
Cldn4 CAACCCTATGGTGGCTTCC GTGTAGGGCTTGTCGTTGCT 
Slc20a1 TGTATTGTCGGTGCAACCAT ATACCAGAAAGCAGCGGAGA 
Tfrc AGCTATAAGCTTTGGGTGGGA GCTGCTACAAGGGAGTACTAGG 
F2rl1 AGATTTCAGGGATCACGCCA TTGAAGAGTAGGAGCCGGAC 
Pdlim5 GTCCAGAAGCCCACAGTCA GCTGCTTAATGTCACCCTGG 
 
Data statistics 
Experiments for validating candidate genes were performed in triplicate. For RT-qPCR, 
data were calculated using the Livak method (2−ΔΔCt) (23) and they represent the mean 
fold difference from the calibrator group. All data were expressed as mean ± SEM. 
Differences between groups were assessed using a two-way ANOVA followed by the 
post-hoc Tukey's test. Where appropriate, data were logarithmically transformed to 
fulfil the requirements for ANOVA, but all data are shown in their decimal values for 
clarity. Statistical significance was accepted at p<0.05 and the analysis was performed 
using SigmaPlot for windows version 11.0 (Systat Software, Inc., Chicago, IL, USA).  
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Results  
Validation of the flow system used and the cell lines generated   
As a validation step for our flow setup (Fig. 1A), transcriptional expression levels of a 
known fluid flow-sensitive gene, Ptgs2 (encodes cyclo-oxygenase 2, COX2) (24, 25), 
was determined by RT-qPCR under static and flow conditions (~ 0.6 dyn/cm2). Indeed, 
fluid flow resulted in an approximately 4-fold increase of Ptgs2 expression in both WT 
and KO cell lines, compared with their parallel static controls (Fig. 1B). In order to 
obtain cell lines lacking cilia, we performed CRISPR/Cas mediated knockout of Ift140 
(c.1047_1048 insT; p.M350Tfs*376) or Dync2h1 (c.-4_27del; p.?) (Supplemental Fig. 
S1B), involved in retrograde intraflagellar transport. Both KO cells lacked primary cilia 
as denoted by the absence of ARL13b (cilia marker) immunostaining (Fig. 1C and 1D). 
Mutations in both genes are associated with severe developmental phenotypes in 
human, Jeune Asphyxiating Thoracic Dystrophy (JATD) and Short-rib polydactyly 
syndrome (SRPS), respectively. Affected subjects suffer from skeletal dysplasia 
causing short ribs and narrow thorax with lung hypoplasia and a subset of individuals 
also develops childhood onset end-stage renal disease with a nephronophthisis-like 
phenotype (26, 27).  
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Figure 1. Experimental timeline and validation of the fluid flow application and IMCD3 
cell lines. (A) IMCD3 cells cultured for three days including 1 day of serum starvation prior to 
the application of fluid flow. (B) mRNA expression levels of Ptgs2 (COX2) in IMCD3 cells 
under static or flow condition. Relative gene expression was analyzed using the Livak method 
(2−ΔΔCt), where results are normalized against Gapdh expression. White bars refer to cells 
under static condition, while black bars refer to exposure to fluid flow. Results are shown as 
mean ± SEM (n = 3). * p<0.05 compared with the respective static condition (n = 3). (C) 
Percentage of ciliated cells in WT and KO cells. (D) IMCD3 cells (WT or KO) were cultured in 
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µ-slide ibidi chambers and stained with ARL13b antibody (1:800), a marker for primary cilia 
(red) and with acetylated-g-tubulin antibody, a marker for basal body of cilia (green). DAPI 
(blue) was used as nuclear counterstain. 
 
Regulation of the collecting duct transcriptome by primary cilia sensing of fluid 
flow through RNA-seq analyses  
In order to unravel the transcriptional changes and mechanisms that are regulated by 
primary cilia sensing of fluid flow in the renal tubule, RNA-seq was performed on RNA 
samples from IMCD3 cells. In order to distinguish between gene specific effects and 
effects resulting from the lack of cilia, we compared WT to Ift140- and Dync2h1 KO 
cells subjected to 3 h of fluid flow. As controls, RNA samples from all three cell lines 
not subjected to flow (static condition) were included. Firstly, to discern the relative 
variation in the transcriptional profile following the application of flow and/or removal 
of primary cilia, principal component analysis (PCA) was performed based on the 
expression values of all expressed genes. 40% of the total variance in the data was 
captured by the first two principal components (PC1 and PC2). It is clear that the 
transcriptional profile of the KO cells, particularly Dync2h1 KO, is markedly different 
from that of WT cells in their static condition (Fig. 2). When cells were subjected to 
flow, however, the transcription profiles of WT and KO cells shift in a similar direction 
(indicated by the black arrows in Fig. 2). This suggests that many of the transcriptional 
changes induced by fluid flow is cell type independent, i.e. not sensed by primary cilia 
but rather a result of the particular gene itself. 
 In order to elucidate the identity of the physiological processes regulated by flow, 
the transcriptome of WT cells in the static condition was compared with the 
transcriptome of WT cells subjected to flow.  In detail, ciliated IMCD3 WT cells 
subjected to fluid flow showed an up-regulation of 1379 genes and a down-regulation 
of 1294 genes compared with static control cells (adjusted p<0.05), among which are 
known fluid flow-sensitive genes, e.g. Ptgs2 (encoding COX2) and Ccl2 (encoding 
MCP1) (Supplemental Table S2A and S2B). The physiological pathways associated 
with these genes were obtained by GO term and KEGG pathway enrichment analyses 
using DAVID functional annotation chart tool. According to KEGG analysis, 41 
pathways were found significantly enriched (p<0.05). 19 out of the 41 pathways 
identified, with the lowest false discovery rate (FDR), are shown in Fig. 3A; the full-list 
is shown in Supplemental Table S3A. Here, pathways such as cell cycle, MAPK 
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signaling, TGF-beta signaling and endocytosis are enriched. Similarly, the top 5 GO 
terms from each of the three domains of molecular biology are depicted in Fig. 3B; the 
full-list is shown in Supplemental Table S3B-D). In the domain of biological pathways 
(Fig. 3B), cell cycle and phosphorylation were among the most significantly enriched 
pathways, further corroborating the KEGG analysis.  
  
Figure 2. Principal component analysis plot of the RNA-seq data. This shows the 
relationships among cells (WT and KOs) in static and flow conditions based on differentially 
expressed genes.  The difference in transcriptional profile of the KO cells from that of WT cells 
in their static condition is shown by PC1 (principal component 1), while the changes between 
static and flow transcriptional profile in depicted by PC2. 
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Figure 3. Pathway and GO term enrichment analysis. Histogram showing (A) the top 19 
(p<0.05) significant KEGG pathways and (B) the top 5 significant GO terms (p<0.05) of fluid 
flow responsive genes. 
 
 To identify those candidate genes and processes that are uniquely regulated by 
primary cilia sensing of fluid flow and not a result of cilia structure-independent gene 
effects, the transcriptional changes evoked by fluid flow in WT ciliated cells were 
compared with those evoked by fluid flow in non-ciliated cells, for which two 
approaches were used (Ift140 and Dync2h1 expression knockout). Through this 
comparison, the effects of fluid flow on the regulation of the expression of 54 genes in 
ciliated cells were abolished when primary cilia were absent (Ift140 and Dync2h1 KO 
cell lines) (Supplemental Table S4). These genes are, therefore, identified as 
candidates whose gene expression is regulated by fluid flow as sensed by primary 
cilia. Next, the relationship between these genes and the primary function of the CD, 
namely water and electrolyte handling, was identified (Table 2). Of these 54 genes, 
16 were found to be linked to pathways related to ion or water transport (Table 2). To 
corroborate these candidates identified through RNA-seq analyses, the expression 
levels of these 16 genes (Dusp6, Plau, Rrad, F2rl, Serpine1, Trib3, Ppp2r5b, Hspa1a, 
Hspa1b, Cldn3, Cldn4, Pdlim5, Slc20a1, Relb, Egln3 and Tfrc) was determined by RT-
qPCR in three independent experiments. Very similar patterns of gene expression 
were observed between the RNA-seq and RT-qPCR analysis. 
 
Figure 4. Regulation of the gene expression of Tfrc, by primary cilia sensing of fluid 
flow. mRNA expression levels of Tfrc (TfR1) in IMCD3 cells under static or flow condition. 
Relative gene expression was analyzed using the Livak method (2−ΔΔCt), where results are 
normalized against Gapdh expression. White bars refer to cells under static condition, while 
black bars refer to exposure to fluid flow. Results are shown as mean ± SEM (n = 3). * p<0.05 
compared with the respective static condition; # p<0.05 compared with flow in WT cells.  
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Table 2. Genes whose expression is regulated by primary cilia sensing of fluid flow in 
IMCD3 
Gene 
symbol 
Protein name Gene expression 
in the 
mammalian CD 
(reference)* 
Canonical function Hypothetical 
molecular link to ion 
and/or water 
handling in the CD 
(reference)*  
Dusp6 Dual specific 
phosphatase 6 
Yes (28) Dephosphorylation 
of mitogen-
activated protein 
kinases ERK  
Regulation of the 
membrane 
abundance of the 
Na+ transporter 
ENaC through 
dephosphorylation 
of ERK1/2 (29) 
Kctd11 K+ channel 
tetramerization 
domain-containing 
protein 11 
Yes (28) Suppressor of the 
hedgehog 
signaling pathway 
No link found 
Hspa1a Heat-shock 70-kD 
protein 1A 
Yes (30) Molecular 
chaperone that 
controls protein 
folding and 
prevents 
aggregation of 
proteins 
Regulation of 
trafficking of AQP2 
(30) Regulation of 
folding and 
trafficking of the Cl- 
channel CFTR (31) 
Hspa1b Heat-shock 70-kD 
protein 1B 
Yes (30) Molecular 
chaperone that 
controls protein 
folding and 
prevents 
aggregation of 
proteins 
Regulation of 
trafficking of AQP2 
(30). Regulation of 
folding and 
trafficking of the Cl- 
channel CFTR (31) 
Ctgf Connective tissue 
growth factor 
Yes (32) 
 
Protein of low 
affinity binding to 
insulin-like growth 
factors 
No link found 
Lfng Lunatic fringe Not reported. 
Though, Lfng is 
expressed in the 
major structures 
of developing 
nephrons (33) 
Regulation of 
Notch signaling 
activity (key for 
kidney 
development) 
No link found 
Dusp4 Dual specific 
phosphatase 4 
Not reported Dephosphorylation 
of mitogen-
activated protein 
kinases ERK 
No link found 
    
(continued on next page) 
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Gene 
symbol 
Protein name Gene expression 
in the 
mammalian CD 
(reference)* 
Canonical function Hypothetical 
molecular link to ion 
and/or water 
handling in the CD 
(reference)*  
Plau Plasminogen 
activator (urokinase) 
Yes (34) 
 
Conversion of the 
zymogen 
plasminogen to 
the active enzyme 
plasmin 
Regulation of the 
activity of the Na+ 
transporter ENaC 
through the 
activation of plasmin 
(35, 36)   
 
Insig1 Insulin-induced gene 
1 protein 
Yes (28) Regulation of 
cholesterol 
biosynthesis 
No link found 
Gm37784 No protein Not reported Not known No link found 
Rrad Ras-related 
associated with 
diabetes protein 
Yes (28) Regulation of the 
insulin signaling 
pathway 
Regulation of the 
insulin-dependent 
activity of the Na+ 
transporter ENaC 
(37) 
Krt17 Keratin 17, type I 
(cytokeratin-17) 
Yes (28) Cell differentiation No link found 
Cxcl2 Chemokine, CXC 
motif, ligand 2 
protein 
Yes (38) Cell trafficking of 
various types of 
leukocytes 
No link found 
Gm12976 No protein Not reported Not known No link found 
Txnrd3 Thioredoxin 
reductase 3 
Yes (28) Maintainance of 
thioredoxins in the 
reduced state 
using the reducing 
power of NADPH 
No link found 
Egln3 HIF prolyl 4-
hydroxylase 3 
 
Yes (28) Posttranslational 
modification of the 
hypoxia-inducible 
transcription factor 
Oxygen-dependent 
regulation of AQP3 
gene expression 
(39) 
Tacstd2 Tumor-associated 
Ca2+ signal 
transducer 2 
Yes (28) Transducer of 
intracellular Ca2+ 
signals 
No link found 
Ccnd1 Cyclin D1 Yes (28) Regulation of cell 
cycle 
No link found 
Fhl2 Four-and-a-half lim 
domains 2 protein 
Not reported Cell identity, 
differentiation and 
growth control 
No link found 
Cldn3 Claudin 3 Yes (40) Paracellular ion 
transport 
Regulation of tight 
junction ion 
permeability (40) 
   (continued on next page) 
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Gene 
symbol 
Protein name Gene expression 
in the 
mammalian CD 
(reference)* 
Canonical function Hypothetical 
molecular link to ion 
and/or water 
handling in the CD 
(reference)*  
Serpinb8 Serpin family B, 
member 8 
No (41) Inhibition of 
serine proteases 
No link found 
Cy61 Cysteine-rich, 
angiogenic inducer, 
61 
Yes (28) Regulation of 
adhesion of 
endothelial cells 
and DNA 
synthesis 
No link found 
Slc25a25 Solute carrier family 
25 (mitochondrial 
carrier, phosphate 
carrier), member 25 
Yes (28) ATP-Mg2+/Pi 
membrane 
transport in 
mitochondria 
No link found 
Slc20a1 Solute carrier family 
20 (phosphate 
transporter), member 
1 
Yes (28) Na+-dependent 
transport of 
phosphate 
Phosphate 
(re)absorption 
Rarb Retinoic acid 
receptor β 
Yes (42) Cytoplasmic 
retionoic acid 
binding (kidney 
development) 
No link found 
Gm4899 No protein Not reported Not known No link found 
Gm20481 No protein Not reported Not known No link found 
Tfrc Transferrin receptor Yes (43) Cellular iron 
uptake 
Iron (re)absorption 
(44) 
F2rl1 Coagulation factor II 
receptor-like 1 
 
Yes  Protein 
degradation 
Regulation of Na+ 
(re)absorption and 
K+ handling (45) 
Hmgcs1 3-hydroxy-3-
methylglutaryl-CoA 
synthase 1 
Yes (46) 
 
Cholesterolgenesi
s 
No link found 
Pdlim5 Pdz and lim domain 
protein 5 
Yes (47) Protein-protein 
interaction 
Regulation of 
membrane 
residency of the 
basolateral Cl-
/HCO3- exchanger 1 
(AE1) (47) 
Serpine1 Serpin peptidase 
inhibitor, clade E 
(nexin, plasminogen 
activator inhibitor 
type 1), member 1 
Yes (28) 
 
Inhibition of tissue-
type plasminogen 
activator (PLAT) 
and urokinase-
type plasminogen 
activator (PLAU) 
Regulation of PLAU 
activity and 
therefore regulation 
of ENaC-mediated 
Na+ transport  (10) 
    
(continued on next page) 
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Gene 
symbol 
Protein name Gene expression 
in the 
mammalian CD 
(reference)* 
Canonical function Hypothetical 
molecular link to ion 
and/or water 
handling in the CD 
(reference)*  
Lpin1 Lipin 1 Not reported Mg2+-dependent 
dephosphorylation 
of phosphatidic 
acid 
No link found 
Ldlrap1 Low density 
lipoprotein receptor 
adaptor protein 1 
Not reported Cholesterol 
physiology 
No link found 
Gm12715 No protein Not reported Not known No link found 
Trib3 Tribbles homolog 3 Yes (48) Negative 
modulator of the 
kinase AKT 
(regulation of the 
insulin pathway) 
Regulation of the 
insulin-dependent 
activity of the Na+ 
transporter ENaC 
(49) (37) 
Msmo1 Methylsterol 
monooxygenase 1 
Not reported Cholesterolgenesi
s 
No link found 
Relb V-rel avian 
reticuloendotheliosis 
viral oncogene 
homolog B 
Yes (50) Component of the 
transcription factor 
NF-kB 
Regulation of AQP2 
gene expression 
(PMID: 18703515). 
Regulation of the 
SGK1-dependent 
activity of the Na+ 
transporter ENaC 
(50) 
     
Tsc22d1 TSC22 domain 
family, member 1 
Yes (28) Transcription 
factor 
No link found 
Cldn4 Claudin 4 Yes (40) Paracellular ion 
transport 
Regulation of tight 
junction ion 
permeability (40) 
Ifit3 Interferon-induced 
protein with 
tetratricopeptide 
repeats 3 
Yes (28) Cancer No link found 
Hspe1 Heat-shock 10 kD 
protein 
Yes (28) Protein folding in a 
ATP-dependent 
manner 
No link found 
Lrp2bp Low density 
lipoprotein-related 
protein 2 (megalin) 
binding protein 
Not reported Endocytosis No link found 
Il34 Interleukin 34 Yes (51) 
 
Differentiation and 
viability of 
monocytes and 
macrophages 
No link found 
   (continued on next page) 
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Gene 
symbol 
Protein name Gene expression 
in the 
mammalian CD 
(reference)* 
Canonical function Hypothetical 
molecular link to ion 
and/or water 
handling in the CD 
(reference)*  
Smim3 Small integral 
membrane protein 3 
Not reported Not known No link found 
Tmem37 Voltage-dependent 
Ca2+ channel 
gamma-like subunit 
Not reported Modulation of Ca2+ 
currents elicited by 
L-type Ca2+ 
channels 
No link found 
Ppp2r5b Protein phosphatase 
2, regulatory subunit 
B (B56), β 
Yes (28) Regulation of 
PP2A-mediated 
(de)phosphorylatio
n of AKT (insulin 
signaling pathway) 
Regulation of the 
insulin-dependent 
activity of the Na+ 
transporter ENaC 
(37) 
Hsd17b7 17-β-hydroxysteroid 
dehydrogenase VII 
Not reported Biosynthesis of 
sex steroids and 
cholesterol 
No link found 
     
Hilpda Hypoxia inducible 
lipid droplet 
associated 
Not reported Triglyceride 
metabolism  
No link found 
Ier3 Immediate early 
response 3 
Yes (28) Protection against 
FAS- and TNFα- 
apoptosis  
No link found 
Sqle Squalene epoxidase Yes (28) Sterol biosynthesis No link found 
Cldn1 Claudin 1 No (40) Paracellular ion 
transport 
No link found  
Chac1 Cation transport 
regulator-like protein 
1 
Yes (28) Regulation of the 
unfolded protein 
response (UPR) 
pathway 
No link found 
Gnai1 Guanine nucleotide-
binding protein, α-
inhibiting activity 
polypeptide 1 
Yes (28) Signal 
transduction 
No link found 
Identification of genes whose expression is regulated by primary cilia sensing of fluid flow in 
IMCD3 cells, and that are related to the main function of the CD of the nephron, namely ion 
and water transport. The canonical function is obtained from the Online Mendelian Inheritance 
in Man (OMIM) database. 	
Expression of Tfrc in the CD is regulated by fluid flow sensing by primary cilia   
Among the genes that are linked to pathways related to ion transport was Tfrc. Tfrc, 
(encoding the transferrin receptor protein 1, TfR1), which modulates cellular iron 
uptake, is expressed in the kidney, including the CD (Table 2). Here, RNA-seq analysis 
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shows that fluid flow significantly increases the mRNA levels of Tfrc in a primary cilia-
dependent manner: this effect is abolished in the absence of primary cilia. This was 
also clearly observed with RT-qPCR, where fluid flow-mediated up-regulation of Tfrc 
expression was significantly reduced in both Ift140 and Dyn2h1 KO cells (Fig. 4).  
 
Fluid flow sensing by primary cilia regulates the expression of genes linked to 
Na+ transport in the CD  
In the CD, Na+ transport is mainly carried out by the apical ENaC (influx into the cell) 
and the basolateral Na+/K+ ATPase (efflux out of the cell). Gene expression of the 
subunits conforming ENaC was not picked up in the RNA-seq probably due to low 
transcript coverage data (Supplemental Fig. S2); however, by RT-qPCR, ENaC 
subunits were found to be expressed in IMCD3 cells (Supplemental Fig. S3). From the 
analyses shown in Table 2, Trib3, Dusp6, Rrad, F2rl, Serpine1, Plau, and Ppp2r5b are 
experimentally linked to pathways regulating transport of Na+ by ENaC, (e.g. the 
insulin pathway). Expression measurements of these genes by RT-qPCR confirmed 
the expression patterns disclosed by RNA-seq analyses (Fig. 5, Supplemental Fig. 
S4). However, statistical analyses of the RT-qPCR data (two-way ANOVA followed by 
the Tukey's test) revealed that only Trib3 expression is unequivocally dependent of 
fluid flow sensing by primary cilia (p<0.05 in the comparisons WT cells vs Ift140 KO 
cells and WT cells vs Dync2h1 KO cells). In detail, absence of primary cilia abrogated 
significantly the Trib3 up-regulation of expression evoked by fluid flow sensing in WT 
cells (Fig. 5A). 
 Dusp6, F2rl, and Serpine1 RT-qPCR expressions were found to be significantly 
up-regulated due to fluid flow sensing in WT cells. Although this effect is reduced in 
both Dync2h1 KO and Ift140 KO cells compared with WT cells, statistical analysis 
(two-way ANOVA followed by the Tukey's test) revealed that the difference was not 
significant (Fig. 5B-D). Rrad RT-qPCR expression was increased by fluid flow sensing 
only in Dync2h1 KO cells (p˂0.05) (Fig. 5E). RT-qPCR results of Plau and Ppp2r5b 
genes did not show significant differences between all conditions (Fig. 5F-G).    
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Figure 5. Effects of fluid flow sensing and primary cilia involvement on ERK1/2, insulin 
or plasminogen-activation pathways. RNA was isolated from IMCD3 cells exposed to the 
static (white bars) or fluid flow condition (black bars). Relative gene expression was analyzed 
using the Livak method (2−ΔΔCt). The genes measured were Trib3, Dusp6, F2rl, Serpine1, Rrad, 
Plau, and Ppp2r5b (A-G). Gene expression levels were normalized to the expression levels 
of the reference gene Gapdh. White bars refer to the static condition, while black bars refer to 
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the flow condition. Results are shown as mean ± SEM (n = 3). * p<0.05 compared with their 
respective static condition; # p<0.05 compared with flow in WT cells; $ p<0.05 compared with 
flow in Ift140 KO cells. 
 
Fluid flow sensing up-regulates Hspa1a and Hspa1b expression independently 
of primary cilia in the CD 
Similar to other stressful conditions (pH shift, heat shock, hypoxia), fluid flow also 
significantly increase the mRNA levels of heat shock proteins 70 (Hspa1a and Hspa1b, 
linked to AQP2 trafficking) in WT, Ift140 KO, and Dync2h1 KO cells (Fig. 6A-B), as 
measured by RT-qPCR. This increase in Hspa1a and Hspa1b expression elicited by 
fluid flow sensing was statistically equal among the three cell lines used (p<0.05), 
contrasting with the significance obtained through RNA-seq analyses. RT-qPCR 
measurements further demonstrated no significant regulation of Relb or Egln3 
expression by primary cilia sensing of fluid flow sensing (Fig. 6C-D).  
 
 
 
Figure 6. Effects of fluid flow sensing and primary cilia involvement on the genes 
regulating aquaporin activity. RNA was isolated from IMCD3 cells exposed to the static 
(white bars) or fluid flow condition (black bars). Relative gene expression was analyzed using 
the Livak method (2−ΔΔCt). The genes measured were Hspa1a, Hspa1b, Relb, and Egln3 (A-
D). Gene expression levels were normalized to the expression levels of the reference gene 
Gapdh. White bars refer to static condition, while black bars refer to flow condition. Results 
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are shown as mean ± SEM (n = 3). * p<0.05 compared with their respective static condition; 
# p<0.05 compared with flow in WT cells; $ p<0.05 compared with flow in Ift140 KO cells. 
 
Cldn3, Cldn4, Pdlim5, and Slc20a1 expression is not regulated upon fluid flow 
sensing by primary cilia 
Based on the RNA-seq analyses, primary cilia sensing of fluid flow was hypothesized 
to regulate the gene expression of Cldn3 and Cldn4, encoding tight junction proteins 
in the collecting duct. However, this hypothesis was invalidated by RT-qPCR analyses 
(Fig. 7A-B). The expression of Pdlim5, a gene involved in the regulation of Cl-/HCO3- 
exchanger basolateral protein (AE1), was found to be significantly up-regulated as a 
result of fluid flow sensing in ciliated and non-ciliated cells. This effect was abolished 
in Dync2h1 KO cells but not in Ift140 KO cells (Fig. 7C). Phosphate transport is 
facilitated by several proteins in the CD, of which Slc20a1 (encoding for PiT1) was 
differentially expressed by fluid flow in the RNA-seq analyses. RT-qPCR 
measurements showed a trend of increase in Slc20a1 expression in all cell types (WT, 
Dync2h1 KO and Ift140 KO cells) but none of these increases were statistically 
significance (Fig. 7D).  
 
 
Figure 7. Effects of fluid flow sensing and primary cilia involvement on Cldn3, Cldn4, 
Pdlim5 and Slc20a1 expression. RNA was isolated from IMCD3 cells exposed to the static 
(white bars) or fluid flow condition (black bars). Relative gene expression was analyzed using 
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the Livak method (2−ΔΔCt). The genes measured were Cldn3, Cldn4, Pdlim5, and Slc20a1 (A-
D). Gene expression levels were normalized to the expression levels of the reference gene 
Gapdh. White bars refer to static condition, while black bars refer to flow condition. Results 
are shown as mean ± SEM (n = 3). * p<0.05 compared with their respective static condition; 
# p<0.05 compared with flow in WT cells; $ p<0.05 compared with flow in Ift140 KO cells. 
Discussion  
In the present study, we have determined that the contribution of the primary cilium to 
the transcriptomic response elicited by flow sensing in the renal CD is substantially 
specific and restricted to cellular iron handling and insulin signaling. Variation of 
urinary flow is a physiological mechanical stimulus in kidney homeostasis (5). 
However, little is known about how renal cells respond to such mechanical stimulus, 
or about the role of the assumed cell mechanosensory organelle: the primary cilium. 
 Before proceeding to examine the flow sensing capacity of primary cilia to 
putatively control water and ion transport in the CD, we first aimed to identify the 
transcriptional changes caused by fluid flow in normal ciliated IMCD3 cells (i.e. WT). 
We observed a robust shift in the transcription profile (2673 genes differentially 
expressed) of ciliated cells (WT) exposed to fluid flow as compared with their static 
counterparts (Fig. 2). However, it should be noted that these IMCD3 cells are grown 
on solid supports, hence lack the exquisite delineation of apical and basal structures 
as perceived in cells grown on permeable supports. Therefore, cells grown on 
permeable supports may exhibit additional transcriptional changes mediated by fluid 
flow, particularly in the context of renal transepithelial transport. Ptgs2 and Ccl2 (fluid 
flow-sensitive genes) were among those genes whose expression was up-regulated 
upon fluid flow sensing, which validates our flow cell model and subsequent RNA-seq 
data analysis. In detail, fluid flow sensing translates into enrichment of several KEGG 
pathways (e.g. MAPK, TNF and TGF-beta signaling, and endocytosis pathways) (Fig. 
3A-B). These pathways coincide with those observed in earlier studies evaluating the 
effects of fluid flow sensing on cell downstream signaling. For example, two 
independent studies by Flores et al. (52) and Carrisoza-Gaytan et al. (6) demonstrated 
that fluid shear stress, resulting from fluid flow, activates the MAPK kinase pathway in 
IMCD3 and mpkCCD cells, respectively. Similarly, TNF signaling, TGF-beta signaling 
and endocytosis have been previously found to be linked to fluid shear stress or fluid 
flow (53-55). The present study further reveals new potential pathways that are altered 
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by fluid flow; for instance, the FoxO signaling pathway which is involved in cell 
autophagy process. Fluid shear stress has been known to trigger endocytosis and cell 
autophagy allowing cells to cope with a variable physical environment (55, 56). FoxO 
signaling pathway could be a new mechanism by which fluid flow induces autophagy.  
 Having identified flow-responsive genes (2673 genes), we next focused on 
finding which of those genes are dependent on primary cilia sensing.  Interestingly, 
only 54 fluid flow-responsive genes were dependent on primary cilia sensing—a  
surprisingly small number considering that our cells do not possess other flow-
sensitive structures, such as microvilli, on their surface (57). A similar observation was 
made in a recent study by Delling et al. stating that primary cilia are not Ca2+-
responsive mechanosensors (58). Thus, many of the functions classically attributed to 
primary cilia, e.g. left-right axis determination in embryonic development, were 
demonstrated to be primary cilia independent (59). Our finding that only 54 out of 2673 
flow-sensitive genes were dependent on primary cilia sensing clearly support this 
notion. Thus, it seems possible that other mechanosensing cellular components, such 
as the glycocalyx (a membrane-bound filament structure), and several 
transmembrane flow-sensitive ion channels, regulate the majority of the flow-
responsive genes. Literature mining of the 54 genes revealed that 16 genes are 
associated with pathways linked to the primary function of the CD, namely water and 
ion transport. The changes in expression of these genes were further verified by RT-
qPCR. 
 In particular, we found that the mRNA levels of Tfrc (encoding TfR1) 
significantly increased due to fluid flow sensing, and that this effect was mediated by 
primary cilia. TfR1 is a transferrin receptor on the plasma membrane that plays a key 
role in cellular iron uptake (60). Iron (Fe) is an integral component of hemoglobin and 
myoglobin and is essential for a wide variety of cellular processes. Similarly, the 
kidneys require iron for several metabolic processes that ensure proper functioning of 
cells.  Systemic iron concentration is mainly regulated by iron transporters in cells 
lining the gastrointestinal tract, liver, and the reticulo-endothelial system (61, 62). Iron 
transporters are expressed in most mammalian cells including renal cells; thus, the 
kidney could also play an important role in systemic iron homeostasis. In this line, a 
study by Wareing et al. (44) demonstrated that a significant reabsorption of iron takes 
place in the distal segments of the nephron. The mechanism proposed to explain this 
phenomenon implies that iron bound to plasma transferrin (Tf-Fe) binds to TfR1 on 
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the plasma membrane to form a complex that internalizes into endosomes. Upon 
acidification, iron is released and transported by the divalent metal transporter 1 (DMT-
1) into the cytosol (43, 63). The free intracellular iron is then either incorporated into 
functional proteins, stored in ferritin, or exported basolaterally by ferroportin. Thus far, 
it is unclear how these iron uptake mechanisms are regulated in the kidney. Based on 
our results, it can be hypothesized that the increased Tfrc expression results in an 
increased TfR1 abundance in the plasma membrane of the CD. Subsequently, more 
Tf-Fe complexes will bind to TfR1 leading to an overall increase in iron influx by the 
CD (summarized in Fig. 8). Furthermore, our RNA-seq confirmed the expression of 
Slc11a2 (encoding DMT1), Slc40a1 (encoding ferroportin 1) and Fth1 (encoding 
ferritin) in the CD (Supplemental Table S1B). Interestingly, the mRNA expression of 
ferritin was significantly increased due to fluid flow (Supplemental Table S2A and Fig. 
S4), possibly pointing to a cilia-independent increase in intracellular ferritin-bound iron 
storage, which would not be extruded by ferroportin (Fig. 8). From a physiological point 
of view, these findings show how the CD adjusts its cellular iron uptake to variable 
urinary flow rate, a mechanism that is specifically facilitated by primary cilia sensing of 
fluid flow. Interestingly, patients with autosomal dominant polycystic kidney disease, a 
disease where primary cilia sensing is disrupted, show low levels of serum iron (64), 
supporting the hypothesis that primary cilia-mediated cellular iron uptake translates 
into renal iron uptake.   
 It is well established that Na+ and K+ handling in the CD is regulated by urinary 
fluid flow (11, 65, 66). Using microperfused rabbit CD, Satlin et al. showed that the 
fluid flow-mediated increase of Na+ reabsorption is facilitated by an increase in ENaC 
activity (11). TRB3 (encoded by Trib3) binds and blocks the activation of Akt kinases 
leading to disruption of the insulin pathway (48, 49). Insulin has been found to enhance 
ENaC-mediated Na+ reabsorption by activating protein kinase B (Akt) or serum and 
glucocorticoid-inducible kinase (SGK1) (67). The flow-mediated increase of Trib3 
observed in our study may not necessarily result into Akt inhibition, because in non-
pathological condition (i.e. insulin sensitive conditions) an adaptor protein 
phosphotyrosine interacting with PH domain and leucine zipper 1 (APPL1) blocks 
TRB3 binding to Akt, thereby halting the inhibition of Akt (68). Furthermore, fluid flow 
has been described as a stimulus that can trigger both activation and inhibition of Na+ 
transport; the prevalence of one mechanism or the other is dependent on the 
(patho-)physiologic status of the individual (10). Therefore, an increase in Trib3 gene 
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expression could represent one mechanism that reduces Na+ transport via the insulin 
pathway. Rrad is yet another gene involved in the insulin signaling pathway.  Unlike 
Trib3, Rrad was significantly up-regulated by fluid flow in Dync2h1 KO but not in Ift140 
KO. This may play a role in the difference of phenotype observed in patients with either 
IFT140 or DYNC2H1 mutations. Patients with IFT140 mutations present a severe 
kidney phenotype; by contrast, DYNC2H1 patients present a sever skeletal phenotype 
instead (26, 27).    
 
 
Figure 8. A model depicting the regulation of iron transport by primary cilia sensing of 
fluid flow. Fluid flow sensed by primary cilia up-regulates the mRNA expression of Tfrc, 
increasing its membrane abundance thus iron binding. Subsequently, iron released into the 
cytoplasm, stored in ferritin, incorporated into functional proteins, or exported basolaterally via 
ferroportin1.  
 
 In summary, RNA-seq analysis in ciliated and non-ciliated IMCD3 cells exposed 
to fluid flow allowed the characterization of the flow-sensitive transcriptome and 
identify the specific contribution of primary cilia to this mechanosensitive mechanism. 
Specifically, the expression of two genes is unequivocally regulated by primary cilia 
sensing of fluid flow in the CD: Tfrc and Trib3. Trib3 is related to insulin signaling, 
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providing a new potential pathway regulated by primary cilia. The regulation of Tfrc 
expression by primary cilia sensing of fluid flow illustrates the first identification of a 
putative regulatory mechanism for renal cellular iron uptake, which may have 
consequences for intracellular iron homeostasis and renal iron reabsorption.    
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Abstract 
In kidney, transcellular transport of calcium (Ca2+) is mediated by TRPV5 and NCX1 
proteins in distal convoluted and connecting tubules (DCT and CNTs, respectively). It 
is not yet understood how DCT/CNT cells can adapt to differences in tubular flow rate 
and, consequently, Ca2+ load. This study aims to elucidate the molecular mechanisms 
by which DCT/CNT cells sense fluid dynamics to control transepithelial Ca2+ 
reabsorption	and whether their primary cilia play an active role in this process. Mouse 
primary DCT/CNT cultures were subjected to a physiological fluid shear stress (FSS) 
of 0.12 dyn/cm2. TRPV5 and NCX1 mRNA levels were significantly increased upon 
FSS exposure compared with static controls. Functional studies with 45Ca2+ 
demonstrated a significant stimulation of transepithelial Ca2+ transport under FSS 
compared with static conditions. Primary cilia removal decreased Ca2+ transport in 
both static and FSS conditions; a finding that correlated with decreased expression of 
genes involved in transepithelial Ca2+ transport. However, FSS-induced stimulation of 
Ca2+ transport was still observed. These results indicate that nephron DCT and CNT 
segments translate FSS into a physiological response that implicates an increased 
Ca2+ reabsorption. Moreover, primary cilia influence transepithelial Ca2+ transport in 
DCT/CNT. Yet, this process is not distinctly coupled to FSS sensing by these 
organelles.  
 
Key words: Renal tubules, mechanosensation, primary cilia, Ca2+ reabsorption 
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Introduction 
The kidneys play an essential role in maintaining the systemic balance of calcium 
(Ca2+) in our body. Ca2+ reabsorption takes place in the distal convoluted and 
connecting tubules (DCT and CNTs, respectively) of the nephron. In these segments, 
Ca2+ reabsorption is a rate-limiting process that determines the final amount of Ca2+ 
excreted via urine (1). In detail, Ca2+ is reabsorbed in DCT and CNT transcellularly. 
This process is facilitated by the transient receptor potential vanilloid 5 (TRPV5) Ca2+ 
channel, which is responsible for entry of Ca2+ into the cell from the luminal side; the 
intracellular protein calbindin-D28k, which carries Ca2+ intracellularly toward the 
basolateral side; and the Na+-Ca2+ exchanger (NCX1), the ATP-dependent Ca2+-
ATPase (PMCA1) and the recently identified PMCA4a (2-4), which conforms the 
basolateral extrusion mechanism toward the blood circulation. The relevance of 
transcellular Ca2+ transport in DCT and CNT is demonstrated by the fact that slight 
disturbances in this process lead to renal Ca2+ wasting, which can result in severe 
neurologic and cardiovascular impairments (5, 6).  
 In the last decade, several factors have been identified to regulate the TRPV5 
channel, namely the calciotropic hormones 1,25-dihydroxyvitamin D3 (7), parathyroid 
hormone (8), the anti-aging hormone Klotho (9) and dietary Ca2+ (6). In addition, recent 
studies have shown that renal cells respond to mechanical stimuli, such as fluid shear 
stress (FSS) generated by urinary flow, to regulate the activity and abundance of ion 
channels (10-13); therefore, epithelial cells in the nephron are stimulated by the 
passage of pre-urine in the lumen of the tubules. This process is truly dynamic, as the 
tubular flow rate, which is pulsatile in nature, is highly variable, ranging from 5 to 15 
nl/min under physiological conditions (14, 15). This generates FSS that is coupled with 
K+ excretion in the distal renal tubule (16, 17). This flow-stimulated K+ secretion is 
mediated by the voltage-dependent BK channel and might be coupled to local release 
of ATP upon flow sensing (18). Likewise, we hypothesize that mechanosensation of 
FSS by DCT/CNT cells is one of the regulatory mechanisms that maintain renal Ca2+ 
balance.  
 In previous studies, TRP channel family members were found to be sensitive 
to FSS. TRPV4, for instance, is activated by FSS, which results in increased channel 
activity (19, 20). Another member of the TRP channel family, polycystin 2 (PC2), is 
known to interact with other Ca2+-permeable channels including TRPV4 to form 
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heteromers that are sensitive to FSS (21). Yet PC2 heteromers and TRPV4 are not 
related to transepithelial Ca2+ transport but to Ca2+ signaling (21). In the present study, 
we postulate that FSS regulates Ca2+ reabsorption by regulating the channels and 
transporters relevant for transepithelial Ca2+ transport in DCT and CNT (i.e. TRPV5 
and NCX1).  
Although it is clear that renal cells respond to mechanical stimuli, the 
mechanisms that underlie mechanosensation are not well understood. It is possible 
that multiple mechanosensory mechanisms are present in renal cells and are activated 
with FSS. Among the putative molecular components that have been reported to 
sense FSS are the glycocalyx, the cytoskeleton, integrin signaling, and several 
transmembrane ion channels (22, 23). In addition, the primary cilium, which protrudes 
from the apical surface of all renal epithelial cells (except for distal intercalated cells), 
has recently been reported to serve as a sensor for fluid flow that is not coupled to 
Ca2+ signaling (24). Conversely, bending of primary cilia by flow regulates other 
downstream signaling mechanisms, such as the serine/threonine kinase 11 pathway 
(25). Proteins localized to the cilium [i.e. polycystin 1 (PC1), among others] are 
reported to bestow the mechanosensory ability to the cilium (26, 27). Noting its 
versatile role, a significant number of human genetic disorders, termed ciliopathies, 
are linked with dysfunctional primary cilia.  
In the present study, we aim to elucidate the molecular mechanisms that 
underlie Ca2+ reabsorption in DCT and CNT upon mechanosensation and the 
implication of primary cilia in this process. Thus, we used primary DCT and CNT cells 
isolated from the kidney of transgenic mice that expressed enhanced green 
fluorescent protein (eGFP) under the control of a TRPV5 promoter (28). By combining 
functional analyses of Ca2+ transport under FSS and ciliated and non-ciliated 
DCT/CNT cells, we provide functional evidence for a key role of mechanosensation in 
the regulation of transepithelial Ca2+ transport in the kidney.  
Materials and methods 
Breeding of transgenic mice 
Transgenic mice expressing eGFP under control of the TRPV5 promotor (pTRPV5-
eGFP) were generated as described by Hofmeister et al. (28). Mice were housed with 
free access to a SSNIFF rodent complete diet (SSNIFF, Soest, Germany) and water. 
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Genotyping by PCR was performed to assess the expression of eGFP (primers used 
for genotyping were: forward, ATGGTGAGCAAGGGCGAGGAGCT and reverse, 
GCCGAGAGTGATCCCGGCCGCGGT). Homozygous or heterozygous mice for 
eGFP could not be distinguished from each other so both were selected. The animal 
ethics board of the Radboud University Nijmegen approved all experimental 
procedures in compliance with the European directive 2010/63/EU. All animal 
procedures were carried out in accordance with the approved guidelines. 
 
DCT/CNT isolation using COPAS 
DCT/CNT segments were isolated using the Complex Object Parametric Analyzer and 
Sorter (COPAS, Union Biometrica, Holliston, MA, USA) as described by Markadieu et 
al. (29) following optimization. Briefly, mice aged from 4 to 6 weeks were anesthetized 
intraperitoneally (ketamine 0.1 mg/g and xylazine 0.01 mg/g body weight) and 
perfused with ice-cold Krebs buffer, pH 7.4. The kidney cortex was dissected, minced 
and subjected to three subsequent digestion steps consisting of: incubation in 7 ml of 
digestion solution composed of 1 mg/ml collagenase type 1 (Worthington Biochemical 
Corporation, Lakewood, NJ, USA) and 0.9 mg/ml hyaluronidase (Sigma Chemicals 
Co., St Louis, MO, USA) in Krebs buffer, for 15, 6–8 and 5–7 min at 37°C respectively, 
with brief shaking. Each digestion step was followed by filtration, where tubule 
suspension was filtered through a 100-μm sieve and collected on a 40-μm sieve (BD 
Biosciences, Breda, The Netherlands). The material remaining on the 100-μm sieve 
was subjected to additional digestion steps as described above. Tubules collected 
from the three digestions were mixed, kept on ice and sorted by the COPAS biosorter. 
Tubules were sorted using the enhanced mode configuration, sort region parameters: 
vertex: x 100 a.u. (arbitrary units), y 14 a.u.; polygon: x 100 a.u., y 14 a.u. Detailed 
instrumental settings were described previously (29). Using this protocol, an estimated 
2,000 eGFP-expressing tubules were sorted per hour, which resulted in 4,000-10,000 
tubules collected per mouse. Isolated tubules were transferred into an 1.5-mL 
eppendorf tube and kept on ice until all samples were sorted, after which the tubules 
were pelleted (800×g, 5 min, 4 °C). 
 
Primary cell culture  
Two thousand fluorescent tubules were pelleted as described previously and 
suspended in pre-warmed cell culture medium (DMEM/F-12, 1:1 v/v, Invitrogen, Breda, 
  Transepithelial Ca2+ transport regulated by shear stress 	
	 79 
The Netherlands) supplemented with 60 nM sodium selenite, 5 μg/ml transferrin, 2 
mM L-glutamine, 50 nM dexamethasone, 1 nM triiodothyronine, 10 ng/ml epidermal 
growth factor, 2% v/v fetal calf serum, 6 μg/ml insulin, 13 mM D-glucose, 0.5 mM 
sodium pyruvate, 20 μg/ml ciproxin and 5 mM HEPES/NaOH pH 7.3. Tubules were 
seeded onto 0.33 cm2 polycarbonate transwell inserts (Corning Costar, NY, USA) 
previously coated with rat-tail collagen (16 µL per insert of 0.75 mg/ml collagen in 95% 
v/v ethanol with 0.25% v/v acetic acid). Volumes used in apical and basolateral 
compartments were 100 µL and 600 µL respectively, according to the manufacturer’s 
recommendations. Tubules were cultured at 37°C in 5% v/v CO2 and medium was 
refreshed every 1-2 days. Previously, we have shown that the transepithelial 
resistance increased significantly at day 3 of culture, reaching a maximum at day 6 
remaining stable until day 8 (3). 
 
Application of FSS on DCT/CNT cultures 
Sorted tubules were seeded onto 0.33 cm2 transwell inserts and cultured as described 
previously. After 24 h, medium was refreshed and cells were cultured in either static 
or dynamic conditions. The dynamic (pulsatile) condition was provided by an 
UltraCruz™ 2D-rocker (Santa Cruz Biotechnology, Heidelberg, Germany) with a tilt 
angle of 30o and an oscillation frequency of 20 cycles/min. The characteristic FSS in 
this setup was calculated using the formula described by Zhou et al. to quantify FSS 
in a rocking culture dish (30). In our transwell system, the maximal flip angle was equal 
to the critical flip angle of 0.175 Rad, leading to a characteristic FSS of 0.012 Pa or 
0.12 dyn/cm2. To validate that indeed adequate FSS is generated using the 
aforementioned settings, the gene expression of MCP1, a marker for FSS, was 
analyzed at day 7. Medium was refreshed daily, and at day 6 and 7 of culture 
transepithelial resistance was measured. Depending on resistance development, at 
day 7 or 8, filters were preceded by either transepithelial 45Ca2+ transport assay, RNA 
isolation, immunostaining or immunoblotting.  
 
RNA isolation and cDNA synthesis  
After 7 days of DCT/CNT culture, mRNA was extracted using the RNAesy Micro kit 
(QIAGEN, Hilden, Germany). Briefly, cells were lysed in RLT buffer (provided by the 
kit) containing ß-mercaptoethanol. Lysis mix was transferred into a spin-column and 
subsequent steps of washing and DNAse treatment (to remove genomic DNA 
Chapter 3 
 
	80 
contamination) were applied according to the manufacturer’s protocol. Finally, mRNA 
was diluted in 14 µL of nuclease-free ultrapure water. RNA concentrations were 
measured spectrophotometrically and purity was determined: in all samples, the ratio 
of optical density at 260 and 280 nm wavelength was > 1.8. Subsequently, RNA was 
reverse-transcribed by Moloney Murine Leukemia Virus Reverse Transcriptase 
(Invitrogen, Bleiswijk, The Netherlands) according to the manufacturer’s instructions 
(1 h at 37°C).  Samples were then diluted 1:5 with nuclease-free ultrapure water and 
stored at −20°C until further use. 
 
Real time quantitative PCR 
Relative mRNA expression was assessed by quantitative real-time polymerase chain 
reaction (RT-qPCR). Primers used for RT-qPCR were designed using the Primer-
BLAST tool (http://www.ncbi.nlm.nih.gov/tools/primer-blast/) and are shown in Table 
1. Two and a half μL of cDNA template and an optimal concentration (which was 
determined for each gene during primer validation and was of 400 nM) of forward and 
reverse primers were added to 6.25 μL 2×iQ™SYBR® Green supermix (Bio-Rad, 
Veenendaal, The Netherlands). The total volume was adjusted to 12.5 μL with 
diethylpyrocarbonate (DEPC)-treated deionized H2O. RT-qPCR (7 min at 95°C, 40 
cycles of 15 s at 95°C and 1 min at 60°C) was carried out using a CFX96 detection 
system (Bio-Rad, Veenendaal, The Netherlands). As a negative control, the cDNA 
template was substituted for DEPC-treated water. Additionally, to ensure that residual 
genomic DNA was not being amplified, control samples, in which reverse transcriptase 
was omitted during cDNA synthesis, were included in the plates during measurements. 
All samples were normalized to the expression level of the standard mouse-specific 
reference gene Hprt (hypoxanthine-guanine phosphoribosyl transferase). Gene 
expression data were calculated using the Livak method (2−ΔΔCt) and they represent 
the mean fold difference from the calibrator/control group. 
For primer validation, standard curves with serially diluted cDNA were 
generated and primer concentration was optimized to ensure the efficiencies of RT-
qPCR (95-105%). The construction of SYBR Green dissociation curves after 
completion of 40 PCR cycles revealed the presence of single amplicons for each 
primer pair. Amplicon size was confirmed by electrophoresis in 1.5% (w/v) agarose 
gel. 
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Table 1. Primer sets used for RT-qPCR analysis. 
Gene Position 
within ORF 
Forward (5’–3’)  Reverse (5’–3’) 
Hprt 370–389, 
518–499 
TTGCTGACCTGCTGGATTAC AGTTGAGAGATCATCTCCAC 
Trpv5 924–943, 
1011–993 
CTGGAGCTTGTGGTTTCCTC TCCACTTCAGGCTCACCAG 
Calb1 211–230, 
308–289 
GACGGAAGTGGTTACCTGGA ATTTCCGGTGATAGCTCCAA 
Slc8a1 1857–1876, 
2052–2033 
CTCCCTTGTGCTTGAGGAAC CAGTGGCTGCTTGTCATCAT 
Atp2b4 541–560, 
682–663 
CTTAATGGACCTGCGAAAGC ATCTGCAGGGTTCCCAGATA 
Mks1 1177–1196, 
1281–1262 
TCTGCATGAGGACGAATCGG CCGTAGCCTTCCACACGATA 
Ccl2 177–196, 
296–273 
CACTCACCTGCTGCTACTCA TGAGCTTGGTGACAAAAACTACAG 
Trpv4  2511–2630, 
2494–2613  
ATTAACGAGGACCCTGGCAA CTTGTTCAGCTCCACTACGC 
 
Pkd2 1704–1728, 
1788–1769 
GGATGTTGTGATTGTCGTGTT 
ATCT 
AAACTGTAGCAGCCCCTCTG 
Calb1 (calbindin-D28K), Atp2b4 (PMCA4a), Slc8a1 (NCX1) exon B specific, Ccl2 (MCP1), Pkd2 
(PC2) 
 
Radioactive calcium (45Ca2+) transport assay 
The epithelial resistance was measured 1 day prior to the assay. Seven or 8 days after 
seeding, 45Ca2+ transport assays were performed as described previously (3). In short, 
monolayers were pre-incubated with 5 μM indomethacin (to inhibit prostaglandin 
synthesis (31)) in culture medium for 30 min. Assays were conducted at 37°C; all 
buffers were pre-warmed. Cells were washed with physiological salt solution (PSS), 
and then the apical buffer was replaced with PSS (100 µL) containing 3 μCi/ml 45Ca2+ 
while the basolateral buffer (600 µL) was replaced with PSS only. Cells were incubated 
at 37°C. A volume of 10 µL of sample was withdrawn from the apical and basolateral 
side at time point 0, while on subsequent time points (10, 30, 60, 120 min) only from 
the basolateral side. Later, samples were analyzed for radioactivity using a liquid 
scintillation counter. Transport rate was calculated from the slope of the linear part of 
the time range, t= 0–120 min. For experiments including ruthenium red (RR, a known 
inhibitor of TRPV channels), RR was added at t = 60 min to the apical side to a final 
concentration of 10 µM followed by 10 µL sample withdrawal at time points 30 and 60 
min post RR addition. The RR concentration of 10 µM was chosen based on previous 
studies reporting maximal inhibition of TRPV5-mediated transcellular Ca2+ transport 
upon exposure of rabbit primary CNT cultures to this RR concentration (32).    
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Immunocytochemistry  
Tubules were cultured on transwell inserts as described above. At day 7, monolayers 
were first rinsed with ice-cold phosphate-buffered saline solution (PBS) followed by 
30-min fixation and 15-min permeabilization in 4% w/v paraformaldehyde in PBS and 
permeabilization buffer (0.3% v/v Triton X-100 in PBS and 0.1% w/v BSA) respectively. 
Filters were incubated overnight at 4°C with anti-acetylated-α-tubulin (raised in rabbit, 
1:800; Lys40 D20G3, Cell Signaling, Danvers, MA, USA) in Goat Serum Dilution Buffer 
(GSDB: 16% v/v goat serum in PBS pH 7.4). Next, filters were washed with PBS and 
incubated for 1 h at RT in 1:250 diluted Alexa Fluor® 594 conjugated anti-rabbit IgG 
(Molecular Probes, Eugene, OR, USA) in GSDB buffer in the dark. Filters were further 
co-stained with anti-zonula occludens 1 against the tight junction protein zonula 
occludens 1 (ZO-1 raised in mouse, 1:250, Invitrogen, Breda, The Netherlands) for 2 
h at room temperature, followed by 1 h incubation with 1:250 diluted Alexa Fluor® 648 
conjugated anti-mouse IgG (Molecular Probes, Eugene, OR, USA), and mounted on 
slides using Mowiol (Polysciences Europe GmbH, Eppelheim, Germany). DAPI was 
used as nuclear counterstain.  
 
Confocal imaging and image processing 
Images were acquired using an Olympus FV1000 Confocal Laser Scanning 
Microscope equipped with ax60 oil-immersion objective. Primary cilia were identified 
as dense dots on the xy plane. A z-stack with 0.1-0.25 μm between each slice was 
acquired throughout the length of the ciliary axoneme and the nucleus. This 
represented roughly 65-80 slices for each cell projected along the z-axis using the 
maximal intensity of each pixel. At least 2 z-stack images were captured for each 
experimental group. Cilia count and length were measured using the open-source 
platform Fiji software. Ciliated cells (in% of cell number) were quantified by taking the 
ratio of cilia count to number of cells as per tubulin and DAPI staining respectively. 
Cilia length was quantified by fluorescence density of each cilium along the z-axis.  
 
Removal of primary cilia 
To remove primary cilia from the primary DCT/CNT culture, chloral hydrate (CH, 
Sigma, St Louis, MO, USA) was used. CH is widely used to remove cilia from cells(33-
35) . CH acts by disrupting cilia microtubules: as a result cilia get detached from the 
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cell surface. At day 5 of cell culture, cells were exposed to medium containing CH at 
a final concentration of 1 mM for 48 h. The final concentration of CH used was 
determined after testing a range of CH concentration (0.1-4 mM). For controls, only 
medium was refreshed.  
 
Immunobloting  
After 7 days of culture in either static or FSS condition, primary DCT/CNT cells were 
lysed and analyzed by SDS-PAGE and immunoblotting as previously described (36). 
Filters containing the cells were cut and soaked in Laemmli buffer containing 
dithiothreitol (DTT) and protease inhibitors (1 mM phenyl-methylsulfonyl fluoride 
(PMSF), 10 µg/ml leupeptin, 10 µg/ml pepstatin, 5 µg/ml proteinase A). Next, they 
were incubated at 37°C for 30 minutes and sonicated with a Branson Sonifier (Branson 
Ultrasonics Corporation, Danbury, CT, USA) before being loaded into 12% (w/v) 
acrylamide SDS-PAGE gel. Proteins were transferred to PVDF membranes 
(Immobilon-P, Millipore Corporation, Bedford, MA, USA) by electroelution. 
Immunoblots were incubated overnight at 4°C with rabbit anti-TRPV5 antibody 
(generated by O. Bonny et al. (37)) mouse anti-calbindin-D28k (1:5,000, clone CB-955, 
Sigma-Aldrich, St. Luis, MO, USA), mouse anti-NCX1 (1:500, ab6495, Abcam, 
Uithoorn, the Netherlands) or mouse anti-β-actin (1:10,000, clone AC-15, Sigma-
Aldrich, St. Luis, MO, USA), washed and subsequently incubated with peroxidase 
conjugated (1:10,000, Sigma-Aldrich, St. Luis, MO, USA) secondary antibody for two 
hours at room temperature. All primary antibodies have been demonstrated to be 
specific in mouse kidney (3, 36). Immunoblots were enhanced using 
chemiluminescence (ECL, Pierce, Etten-Leur, the Netherlands) and analyzed using 
the ChemiDoc XRS system (Bio-Rad, Veenendaal, The Netherlands). 
 
Data statistics 
Experiments were performed in duplicate or triplicate. Within each experiments, 2-4 
samples were taking per experimental condition. For RT-qPCR, data were calculated 
using the Livak method (2−ΔΔCt) (38) and they represent the mean fold difference from 
the calibrator group. All data were expressed as mean ± SEM. Differences between 
groups were assessed using an unpaired Student's t-test or a two-way ANOVA 
followed by the Tukey's test. Statistical significance was accepted at p<0.05. Statistical 
analysis was performed using GraphPad prism 6 statistic software (GraphPad, San 
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Diego, CA, USA).  
Results  
Characterization of primary cilia in primary DCT/CNT cultures  
DCT/CNT tubule fragments were isolated from mouse kidneys using the COPAS 
system and cultured on permeable filter supports under static or FSS conditions. To 
demonstrate the presence of primary cilia in our DCT/CNT cultures, cells were fixed 
and stained with acetylated-α-tubulin (a marker for cilia). The 7-day cultures of mouse 
DCT/CNT segments contain primary cilia that protrude perpendicular to the cell 
monolayer (Fig. 1A, B). The percentage of ciliated cells and cilium length was further 
assessed between the two conditions: static and FSS. Approximately 70% of the cells 
in the static condition were ciliated (Fig. 1A), and cilium length ranged from 2.0 to 3.5 
µm (Fig. 1D). Compared with cells that were subjected to FSS, no significant 
differences were observed for either of the two parameters (Fig. 1C). 
 
Effect of FSS on transepithelial Ca2+ transport 
By using a 2D-rocker system, DCT/CNT cultures were subjected to a pulsatile FSS of 
0.12 dyn/cm2 (induced by shaking). FSS induced by this system was within the 
physiological FSS range in nephron tubules, where physiological FSS is maximally 1 
dyn/cm2 (13). As a validation step for our shaking setup, Ccl2 (encoding MCP1, 
monocyte chemoattractant protein-1) gene expression was analyzed. FSS resulted in 
a 7-fold increase of MCP1 mRNA expression (Supplemental Fig. S1A). In both static 
and FSS conditions, primary DCT/CNT cells grown in culture form polarized cell 
monolayers that developed high transepithelial resistance; however, cells under FSS 
recorded lower transepithelial resistance than did controls (static) at 7 days after 
seeding (Supplemental Fig. S1B).  When studying whether transepithelial Ca2+ 
transport responds to FSS, cells that were exposed to FSS showed a significant 
increase in transepithelial Ca2+ transport (p<0.05) compared with their static 
counterparts (Fig. 2A, B). Furthermore, in a separate experiment, RR was added at 
60 min time. Transepithelial Ca2+ transport was abolished following the addition of RR 
as illustrated in Fig. 2C. 
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Figure 1. Detection and quantification of cilia in primary DCT/CNT cultures under static 
condition or exposed to FSS. Tubules were cultured in 24-transwell filters and stained with 
acetylated-α-tubulin antibody (1:800), a marker for primary cilia (red), pTRPV5-eGFP 
expression (green). Anti-ZO1 staining (purple) and DAPI (blue) were used as tight junction 
and nuclear counterstain, respectively. (A) Cilia in static and FSS. (B) 3D construction using 
ImageJ 3D-viewer from z-stack scanning. (C) Percentage of ciliated cells in both static and 
FSS condition. (D) The length of primary cilia measured using ImageJ.  
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Figure 2. Transepithelial Ca2+ transport in primary DCT/CNT cultures under static 
condition or exposed to FSS. (A) The Ca2+ transport rate was assessed in tubules cultured 
for 7–8 days by measuring transport (nmol/cm2) of 45Ca2+ from the apical side to the 
basolateral compartment in the presence of 1 mM Ca2+, at time points up to 120 min. (B) Ca2+ 
transport (nmol/cm2/h) in monolayers exposed to FSS compared with static controls. (C) Ca2+ 
transport in the presence of RR from time point 60 up to 120 min. (A, C) Square for static and 
triangle is for FSS. Results are presented as mean ± SEM. Asterisks (*) denote a significant 
difference (p<0.05) as compared with static condition (n = 10).  	
Effect of FSS on gene and protein expression of DCT/CNT Ca2+ transporters  
Gene expression of Trpv5, Calb1 (encoding calbindin-D28K), Slc8a1 (encoding NCX1) 
and Atp2b4 (encoding PMCA4a) was then analyzed by real-time quantitative PCR. 
mRNA levels of TRPV5 and NCX1 increased by 2-fold and 1.5-fold, respectively, 
compared with static controls (Fig. 3A); however, no significant effects on Atp2b4 and 
Mks1 (a gene involved in ciliogenesis) expression were observed. Conversely, Calb1 
expression was significantly lower in cells exposed to FSS. In immunoblots for 
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calbindin-D28k, specific 28 kDa bands were detected (Fig. 3C), coinciding with the 
reported specific bands by van der Hagen et al. (3) in mouse kidney. After semi-
quantification of protein expression levels and correction against β-actin expression, 
we detected a significant decrease of calbindin-D28k expression in the FSS group 
compared with static was detected (Fig. 3D), which correlated with calbindin-D28k 
mRNA expression levels. In contrast, anti-TRPV5 and anti-NCX1 did not show specific 
immunoreactivity in immunoblots of primary DCT/CNT cultures. 
 
 
 
Figure 3. Gene expression analysis of primary DCT/CNT cultures under static condition 
or exposed to FSS. (A) Relative gene expression was analyzed using the Livak method 
(2−ΔΔCt). The genes measured were Trpv5, Calb1 (encoding calbindin-D28K), Slc8a1 (encoding 
NCX1), Atp2b4 (encoding PMCA4a), and Mks1. (B) Gene expression levels were normalized 
to expression levels of the reference gene Hprt which was equally expressed in both 
experimental conditions (static and FSS). (C) Representative immunoblot for calbindin-D28k 
expression where kidney cortex was used as a positive control and β-actin was used as 
loading control. (D) Semi-quantification of immunoblots for calbindin-D28k, normalized for β-
actin expression, and compared with static condition. (A, B, D) White bars refer to primary 
DCT/CNT cultures under static condition, while black bars refer to exposure to FSS. Results 
are shown as mean ± SEM. Asterisks (*) denote a significant difference (p<0.05) as compared 
with static condition (n = 16 (A, B), n = 8 (D)). 
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Effect of chloral hydrate exposure on primary cilia removal, transepithelial Ca2+ 
transport and expression of calciotropic genes 
To evaluate the contribution of primary cilia to FSS-induced Ca2+ transport, sheared 
cells were treated with CH to remove cilia. First, we determined the optimum 
concentration and exposure duration of CH (Supplemental Fig. S2). A concentration 
of 1 mM for 48 h—from day 5 to day 7 post seeding—removed primary cilia in more 
than 90% of cell monolayers (Fig. 4A). This concentration and exposure duration had 
no effects on cell monolayer integrity as assessed by transepithelial resistance 
measurements (Fig. 4B). Conversely, although use of 2 mM CH for 48 h induced a 
greater decrease in transepithelial Ca2+ transport (Supplemental Fig. S3), this 
concentration yielded off-target effects that affected cytoplasmic microtubule 
arrangement (Supplemental Fig. S2). In detail, these off-target effects were illustrated 
by cytoplasmic microtubules that turned acetylated and changed their appearance to 
a condensed and curled configuration (Supplemental Fig. S2). This aberrant 
microtubule configuration has been previously related to off-target effects of CH 
exposure (33). Consequently, the concentration of 2 mM CH was not used in further 
experiments. In subsequent experiments, static and sheared cells were thus exposed 
to 1 mM CH for 48 h and followed by the radioactive Ca2+ transport assay. CH treated 
cells—both static and FSS exposed—showed a decrease in Ca2+ transport compared 
with untreated cells, independent of FSS (Fig. 4C). On the other hand, removal of 
primary cilia did not abolish the FSS-mediated increase in transepithelial Ca2+ 
transport. In both CH treated and untreated conditions, FSS stimulated Ca2+ transport 
compared with static conditions. Importantly, exposure of primary DCT/CNT cultures 
to 1 mM CH resulted in a down-regulation of the expression of the genes involved in 
transepithelial Ca2+ transport, namely Trpv5, Calb1, Slc8a1 and Atp2b4 in static and 
FSS conditions (Fig. 5). In contrast, expression of other calciotropic genes that do not 
mediate transepithelial Ca2+ transport, namely Trpv4 and Pkd2, remained unchanged 
upon exposure of primary DCT/CNT cultures to 1 mM CH in both static and FSS 
conditions (Fig. 5). 
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Figure 4. Removal of primary cilia using CH and transepithelial Ca2+ transport in primary 
DCT/CNT cultures in static or FSS condition. (A) The monolayer was exposed to medium 
containing CH (1 mM) for 48 h followed by staining with acetylated-α-tubulin antibody (1:800), 
a marker for primary cilia (red), and DAPI (blue) as nuclear counterstaining. (B) Development 
of transepithelial resistance (Ω.cm2) was assessed before (day 5; white bar) and after addition 
of CH for 48 h (day 7; black bar) in static or FSS exposed monolayer. Resistance was 
measured using an epithelial Volt-Ohm meter. (C) The Ca2+ transport rate was assessed in 
tubules cultured for 7–8 days by measuring transport (nmol/cm2/h) of 45Ca2+ from the apical 
side to the basolateral compartment in the presence of 1 mM Ca2+ at time points up to 120 
min. Results are presented as mean ± SEM. Asterisks (*) denote a significant difference 
(p<0.05) compared with the static control (n = 3). 
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Figure 5. Effects of primary cilia removal by CH treatment on calciotropic gene 
expression in primary DCT/CNT cultures under static condition (A) or exposed to FSS 
(B). Relative gene expression was analyzed using the Livak method (2−ΔΔCt). The genes 
measured were Trpv5, Calb1 (encoding calbindin-D28K), Slc8a1 (encoding NCX1), Atp2b4 
(encoding PMCA4a), Trpv4 and Pkd2 (encoding PC2). Gene expression levels were 
normalized to the expression levels of the reference gene Hprt. White bars refer to untreated 
primary DCT/CNT cultures, while black bars refer to treatment with 1 mM CH for 48 h. Results 
are shown as mean ± SEM. Asterisks (*) denote a significant difference (p<0.05) as compared 
with the CH untreated condition (n = 4). 
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Discussion  
In the present study, we have demonstrated that transepithelial transport of Ca2+ in 
ciliated primary DCT/CNT cultures is increased as a result of physiological and 
pulsatile FSS (0.12 dyn/cm2). Our experiments have established that 
mechanosensation of FSS in DCT and CNT up-regulates gene expression of the 
apical Ca2+ channel TRPV5 and the basolateral Na+-Ca2+ exchanger NCX1, which 
results in an increased capacity for Ca2+ reabsorption. Thus, we have disclosed a new 
mechanism that regulates TRPV5 channel activity. From a physiologic point of view, 
these findings show how the distal parts of the nephron adjust their Ca2+ reabsorption 
capacity to variable FSS, thereby maintaining Ca2+ balance. Moreover, we have 
demonstrated that mechanosensation of FSS is not restricted to the primary cilium, 
postulating cilia-independent mechanisms; however, correct function of the primary 
cilium, which relies on its structural integrity, plays an important role in transepithelial 
Ca2+ transport in DCT/CNT by regulating Trpv5, Calb1, Slc8a1 and Atp2b4 expression 
independently of FSS sensing.  
 In previous studies, we have devised a novel approach to culture primary cells 
from mouse DCT and CNT, showing TRPV5-dependent transcellular Ca2+ transport 
(3). This approach combines use of transgenic mice that express eGFP under the 
control of a TRPV5 promoter with the COPAS technology to sort DCT and CNT 
segments at higher efficiency and quality compared with microdissection isolation 
methods. These novel primary cultures preserve many characteristics of the intact 
DCT and CNT cells, thus recapitulating the in vivo physiology of Ca2+ handling (3, 29). 
Subsequently, the apical side of the primary cells thus isolated was exposed to FSS. 
Although numerous studies have addressed the effects of FSS on cell physiology, 
there is still no integrated experimental model to study the effects of FSS on 
transepithelial electrolyte transport. A simple 2-dimensional rocker system provides an 
oscillatory flow, unlike the typical unidirectional pulsatile tubular fluid flow observed in 
renal tubules. Nevertheless, the oscillatory flow by a 2D rocker system generates 
pulsatile FSS, the component of stress that arises from the mechanical force elicited 
by the typical urinary flow (30) (39). In addition, FSS generated with the 2D rocker 
system in the present study was of 0.12 dyn/cm2, which was within the physiological 
FSS range experienced by nephron tubules (13). Therefore, with our experimental 
settings, we have mimicked mechanical stress experienced by cells of the DCT and 
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CNT segments of the nephron. Yet, to validate if our applied shear stress triggered an 
FSS-mediated response, we assessed the gene expression of MCP1, a gene 
previously reported to be up-regulated in FSS (0.4 dyn/cm2) exposed renal epithelial 
cells (40). In agreement with previous studies (40), our findings illustrate that our 2D 
shaking setup is a valid approach to induce FSS in primary DCT and CNT cultures. 
  COPAS-sorted mouse DCT/CNT can be cultured in a polarized cell monolayer 
to study TRPV5 mediated transepithelial Ca2+ transport as measured by a 45Ca2+ 
transport assay. This approach was previously employed to demonstrate TRPV5 
stimulation by parathyroid hormone or blockage by RR (3). By using the same 
methodology, we here studied the effect of FSS on transepithelial Ca2+ transport. 
Remarkably, transepithelial Ca2+ transport was significantly enhanced in cells exposed 
to FSS compared with static controls (Fig. 2A). This is the first time in which this 
stimulus (FSS) has been associated with transepithelial Ca2+ transport in DCT/CNT. 
Yet whether increasing degrees of FSS are positively correlated with transepithelial 
Ca2+ transport rates remains to be investigated. Low transepithelial resistance (TER) 
of cell monolayers can result in leakage of ions, which may account for unspecific Ca2+ 
transport. Cells that were exposed to FSS gave lower TER values compared with static 
controls (Supplemental Fig. S1B), a finding that prompted us to test whether the 
enhanced Ca2+ transport was not due to leakage. Figure 2C shows that transepithelial 
Ca2+ transport was interrupted upon addition of RR, which is often used to block 
TRPV5 activity (32, 41). Although RR inhibits other calciotropic TRPV channels (e.g. 
TRPV4), transepithelial Ca2+ transport (the readout measured when incubating 
primary DCT/CNT cultures with RR) in the DCT/CNT segment is mediated by TRPV5 
(42) and not by other RR-sensitive TRPV channels, such as TRPV4, which are mainly 
involved in Ca2+ signaling (43). Hence, unspecific inhibition of other TRPV channels 
did not translate into inhibition of transepithelial Ca2+ transport. From this observation, 
we concluded that RR-sensitive transepithelial Ca2+ transport measured in the present 
study is most likely TRPV5-mediated.  
 We next tested the effects of FSS on the expression of calciotropic genes, 
namely those encoding TRPV5, calbindin-D28K, NCX1 and PMCA4a. PMCA4a was 
chosen over PMCA1 since in a previous study we found that PMCA4a is a co-
regulated component of the TRPV5-mediated transepithelial Ca2+ transport in 
DCT/CNT (3). Several studies have demonstrated that FSS stimulates gene 
expression in blood endothelial vessels (44) and renal epithelial tubules (40). In 
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podocytes, collecting duct, and proximal tubules, FSS stimulates Cox2 mRNA 
expression (45-47). Additional studies have shown that the mRNA expression of MCP-
1 (40) and endothelin-1 (48, 49) are increased in collecting duct cells exposed to FSS. 
Collectively, these previous findings suggest that FSS regulates gene expression, 
most likely altering functional protein levels in DCT and CNT cells. This hypothesis is 
further characterized in the present study where DCT/CNT cultured under FSS 
significantly increased the expression of TRPV5 and NCX1 mRNA (Fig. 3A). TRPV5 
is responsible for Ca2+ influx, whereas NCX1 constitutes the major efflux system; 
therefore, our results suggest that the increase in transepithelial Ca2+ transport 
observed upon FSS sensing in DCT/CNT cells is caused by an increase in TRPV5 
channel activity that is facilitated via an increment of its mRNA levels. Conversely, 
mRNA expression of calbindin-D28k significantly decreased in sheared DCT/CNT cells 
compared with static controls (Fig. 3A), a trend that correlated with a decrease in its 
protein abundance (Fig. 3D). These findings indicate the more prominent role of 
TRPV5 (and NCX1) over calbindin-D28k in the regulation of transepithelial Ca2+ 
transport in kidney. This conclusion is supported by the fact that while calbindin-D28k 
knockout mice exhibit normal Ca2+ balance or mild hypercalciuria (depending on 
dietary Ca2+ content), TRPV5 knockout mice show profound hypercalciuria and 
compensatory intestinal Ca2+ hyperabsorption (50).   
 Although much remains to be understood about the mechanosensory ability of 
cells, primary cilium has been described as a major mechanosensory organelle (51-
53). Given this notion, we postulated that the primary cilium might have mediated the 
increase in transepithelial Ca2+ transport observed after FSS exposure. Proper 
function of the primary cilium relies on its structure integrity (54). When characterizing 
the quantity and length of DCT/CNT primary cilia in our experimental setups, about 
70% of the cells were ciliated, and their length ranged from 2.5 to 3.5 µm, a typical 
cilium length in renal epithelia. Consequently, further studies on the influence of FSS 
on development of polarized cell monolayers and primary cilia were conducted, as 
previous studies on proximal tubular cultures reported that flow enhances tight junction 
formation and increases the number of ciliated cells (55). However, FSS as a result of 
shaking did not increase the number of ciliated cells (60-70% ciliated cells), nor did it 
significantly affect cilium length. 
 We have also studied transepithelial Ca2+ transport in the absence of primary 
cilia. Removal of cilia was achieved by adding CH to the medium. Praetorius et al. 
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successfully abolished cilia formation in a canine cell line (Madin-Darby canine kidney 
cells) using CH (33, 34). Most recently, Delaine-Smith et al. (39) and Raghavan et al. 
(35) also used CH with the same purpose in osteoblast and renal proximal tubule cells 
respectively. No studies have thus far reported any cytotoxic effects of CH at a 
concentration of 4 mM for 24-48 h exposure period. Further studies with CH 
concentrations of 0.1-4 mM (Supplemental Fig. S2) revealed that the set point for CH 
concentration to deciliate over 80% of cells is lower in our primary culture (1 mM) than 
for other cell lines reported (4 mM). By using 1 mM of CH for 48 h, nearly 90% of cells 
were deciliated (Fig. 4A). To examine the role of primary cilia in transepithelial Ca2+ 
transport, we treated cells with 1 mM of CH to remove cilia, followed by a transport 
assay. Absence of cilia significantly decreased transepithelial Ca2+ transport in both 
static and FSS exposed cells (Fig. 4C). Similarly, removal of cilia also resulted in a 
decrease in mRNA expression of the genes encoding the proteins that sustain 
transepithelial Ca2+ transport in DCT/CNT namely Trpv5, Calb1, Slc8a1 and ATP2b4, 
in static and FSS conditions (Fig. 5). This indicates that the primary cilium plays a role 
in transepithelial Ca2+ transport by regulating the expression of key transepithelial Ca2+ 
transport genes. Yet this mechanism is not linked to FSS sensing by primary cilia. Of 
importance and despite the decrease in transepithelial Ca2+ transport associated to 
the absence of primary cilia in both static and FSS conditions, the expression of Trpv4 
remained unchanged when ciliated cells were compared with non-ciliated cells in 
these two conditions (static and FSS). This finding further supports the lack of 
association between transepithelial Ca2+ transport and TRPV4, strengthening our 
previous exclusion of TRPV4 as a channel that can potentially affect transepithelial 
Ca2+ transport in our setup. On the other hand, we still observed the stimulation of 
transepithelial Ca2+ transport by FSS in the absence of primary cilia (CH-treated cells). 
This particular finding indicates that the increase in TRPV5-mediated Ca2+ transport 
observed under FSS conditions has a cilia-independent component. In this sense, in 
the absence of primary cilia in the cell, PC1 localizes in the plasma membrane, serving 
putatively as a mechanosensor external to the cilium (26, 27, 56, 57). Therefore, we 
postulate that the increase in transepithelial Ca2+ transport observed in the absence 
of primary cilia in DCT/CNT cells exposed to FSS might potentially be attributed to 
mechanosensing by PC1 localized in the plasma membrane.   
 Furthermore, it is possible that other mechanosensation mechanisms besides 
PC1 present in renal cells are activated by FSS. Specifically, the glycocalx, integrin 
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signaling and several transmembrane ion channels display mechanosensory 
properties (22, 23) and might thus be potential candidates to explain the link between 
FSS sensing and transepithelial Ca2+ transport independently of primary cilia.  
 In summary, cells of DCT and CNT translate FSS into a physiological response 
that implicates an increased transepithelial transport of Ca2+. This increase in Ca2+ 
transport is mediated by the apical channel TRPV5 and is induced by an up-regulation 
of its mRNA expression. In addition, primary cilia were demonstrated to influence 
transepithelial Ca2+ transport in DCT and CNT cells by regulation of the expression of 
key genes for transepithelial Ca2+ transport; however, our data indicate that this 
physiological process is uncoupled to sensing of FSS by these organelles. 
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Abstract 
The transient receptor potential vanilloid type 5 (TRPV5) channel is the gatekeeper of 
calcium (Ca2+) reabsorption in the distal convoluted and connecting tubule (DCT/CNT) 
of the nephron. DCT/CNT cells are continuously subjected to variable shear stress 
that emanates from the changes in urinary flow rates. Recently, it has been shown 
that TRPV5-mediated transcellular Ca2+ is regulated by fluid shear stress generated 
by an oscillatory type of fluid flow. Nevertheless, little is known whether these cells can 
discriminate among different types of fluid flow to regulate TRPV5-mediated Ca2+ 
reabsorption. In this study, the effect of different types of fluid flow on TRPV5-mediated 
Ca2+ transport was examined. To provide a cell model for studying the regulation of 
TRPV5 by variable shear stress, inner medullary collecting duct cell line (IMCD3) 
stably expressing GFP (green fluorescent protein)-tagged TRPV5 was generated 
using the CRISPR/Cas9 gene editing tool. Moreover, fluid flow chamber systems were 
used to expose the cells to either oscillatory or unidirectional pulsatile fluid flow. GFP-
TRPV5 was successfully integrated into the IMCD3 genome as confirmed by genomic 
DNA sequencing analysis. Radioactive 45Ca2+ uptake in GFP-TRPV5 IMCD3 cells was 
significantly increased compared to that in wild-type non-transfected IMCD3 cells. 
Furthermore, GFP-TRPV5 expressing IMCD3 cells exposed to unidirectional pulsatile, 
as opposed to oscillatory, type of fluid flow showed a 1.5-fold higher 45Ca2+ uptake 
compared to static conditions. Thus, our results suggest that the mechanism 
underlying the fluid flow-mediated regulation of TRPV5 channel is dependent on the 
type of fluid flow in DCT/CNT. These findings further prompt us to consider the type of 
fluid flow to be used in in vitro models designed to study the role of shear stress in 
regulating renal electrolyte reabsorption.      
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Introduction 
The kidney has an exceptional ability to maintain electrolyte, water and acid-base 
balance in our body. Glomerular filtration rate, thus urinary flow, is highly variable due 
to the cardiac output which delivers blood at different rates to the glomeruli, and tubule-
glomerular feedback mechanism which regulates renal blood flow in response to salt 
concentration in urine (1, 2). Variation in urinary flow rate leads to changes in the 
electrolyte content delivered across the tubular lumen. Renal tubules, therefore, adapt 
to these changes to maintain electrolyte and water homeostasis. More importantly, the 
distal convoluted and connecting tubules (DCT/CNT), where a tight regulation of 
electrolyte transport occurs, are postulated to alter their reabsorption capacity to 
define the final concentration of electrolytes, such as Ca2+, excreted through urine (3). 
And, primary cilia, a sensory organelle protruding from most renal epithelial cells, bend 
to fluid flow to potentially facilitate the adaptation ability of the kidney. 
In the kidney, active reabsorption of Ca2+ occurs in the DCT/CNT, and it is the 
fine-tuning step that defines the final amount of Ca2+ excreted in the urine (3). Active 
reabsorption of Ca2+ includes three consecutive steps: starting with apical entry of 
Ca2+ from the lumen into the cell via the transient receptor potential vanilloid 5 
(TRPV5) channel; subsequently, Ca2+ is carried by an intracellular protein, calbindin-
D28K, to the basolateral side to lastly be extruded to the blood compartment by the Na+-
Ca2+ exchanger, NCX1, and the ATP-dependent Ca2+-ATPase, PMCA (4-6). TRPV5-
mediated Ca2+ entry in DCT/CNT is regulated by several factors including hormones 
(such as parathyroid hormone, 1,25(OH)2-vitamin D3, and klotho). 
Over the past decades, many studies, including ours, have established the 
impact of mechanical stimuli on renal electrolyte transport. For example, a study by 
Du et al. have demonstrated that the reabsorption of Na+ and HCO3- increases in 
isolated microperfused mouse proximal tubule (7). Similar studies in isolated collecting 
duct revealed that K+ secretion is enhanced upon microperfusion (8-10). Alternatively, 
other studies use parallel plate perfusion chambers to expose cultured cells to fluid 
shear stress (11-13). Moreover, we showed recently that fluid shear stress, generated 
from an oscillatory type of flow, stimulated TRPV5-mediated Ca2+ transport (14). Most 
of these previously used fluid flow systems are designed to impose distinctive 
mechanical forces on the cells. Besides, several studies demonstrated that cells 
respond differently upon exposure to different types of flow (15-18). For instance, 
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mRNA levels of endothelin-1 were stimulated in vascular endothelial cells exposed to 
oscillatory type of flow, as opposed to unidirectional type of flow (19). In the kidney, it 
has been hypothesized that renal tubules are subjected to both laminar and turbulent 
type of flow (20). Taken together, these previous studies suggest that different types 
of flow in the DCT/CNT may have differential effects on TRPV5-mediated Ca2+ 
reabsorption. 
Until now, finding a proper in vitro cell model to study the TRPV5-mediated Ca2+ 
transport has proven to be difficult. Although isolated perfused tubules provide a model 
close-to in vivo situation, the isolation process is laborious and results in little material. 
Similarly, DCT/CNT primary cells are difficult to maintain in culture for a long time. 
These limitations of using isolated intact tubules or primary DCT/CNT cultures 
prompted the search for other easily accessible cell models. Therefore, in our current 
study, the effects of different types of flow stimulus on the regulation of TRPV5-
mediated Ca2+ transport were investigated by first generating an inner medullary 
collecting duct (IMCD3) cell line stably expressing green fluorescent protein (GFP)-
tagged TRPV5 using the CRISPR/Cas9 gene editing tool. Subsequently, the cells 
were subjected to either unidirectional or oscillatory type of flow, using a peristaltic 
pump or 2D rocker systems, respectively, prior to measuring the TRPV5-mediated 
Ca2+ uptake.  
Materials and methods 
Cell culture 
IMCD3 cells were cultured in DMEM/F-12 1:1 v/v medium (Sigma-Aldrich, St. Louis, 
MO, USA) supplemented with 1 mM sodium pyruvate, 10% v/v fetal calf serum, and 
10 μg/ml ciproxin, at 37oC and 5% v/v CO2. Cells were seeded into microslide six-
channel ibiTreat chambers (Ibidi, Martinsried, Germany) or 24-well plates. The 
medium was refreshed twice a day. To induce ciliogenesis, cells were grown to 
confluency, followed by an additional 1 day in serum-deprived medium prior to the flow 
experiment. 
 
DNA constructs 
The plasmid pU6, containing Cas9 and single guide RNA (sgRNA) targeting the 
mouse Rosa26, was obtained from Addgene (plasmid #64216; Addgene, MA, USA) 
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(21). The target gene, N-terminal GFP (green florescent protein)-tagged rabbit TRPV5, 
was sub-cloned in between the two Rosa26 homologous arms (HA) of the pDonor 
vector (plasmid #37200; Addgene, MA, USA) (see Fig. 1B). All constructs were verified 
by agarose gel and DNA sequence analysis.  
 
Generation of IMCD3 cell lines stable expressing TRPV5  
IMCD3 cells were co-transfected with the different constructs using Lipofectamin 2000 
(Invitrogen Life Technologies, Breda, The Netherlands) according to the 
manufacturer’s instructions. 72 h post transfection, cells were checked for their GFP 
expression, harvested, and filtrated using 70 µm syringe Falcon (BD Bioscience) prior 
to sorting as GFP positive single cells in 96 well plates using flow cytometry. Cells 
were then expanded into 6-well plates followed by T75 flasks. To confirm integration 
of the target gene into the genomic Rosa26 locus site, the genomic DNA (gDNA) of 
the cells was isolated and genomic PCR was performed. PCR products were then 
analyzed under agarose gel or sequenced. Primers were designed to produce 
amplicons only upon successful integration of the cassette (one primer was at the 
functional cassette and another outside). Primer sequence are shown in table 1. 
Table 1. Primer sequence used for genomic PCR. 
Gene Sequence (5’–3’)  
A- forward GTTCTCTGCTGCCTCCTGGC 
B- reverse GTTCAGCAGAAGTATCTTAAG 
C- forward GCGTTTCTGCTGGCTAATGGC 
D- reverse CAGGACAACGCCCACACACC 
Primer set 1 (PP1; A and B), primer set 2 (PP2; C and D), and primer set 3 (PP3; A and D) 
 
Application of flow 
After 1 day of culture in serum-deprived medium, cells were incubated under static 
condition or exposed to two types of fluid flow for 3 h at 37oC. To expose cells to a 
unidirectional pulsatile type of flow (Fig. 1A), the microslide ibidi chamber was 
connected to a peristaltic pump (ISMATEC, Wertheim, Germany) with a series of 
tubing and connectors extending to a reservoir. Each channel was perfused with 
serum-deprived medium at a physiological rate of 0.45 ml/min. Conversely, cells 
cultured in 24-well plates were subjected to an oscillatory type of flow provided by an 
UltraCruz™ 2D-rocker (Santa Cruz Biotechnology, Heidelberg, Germany) with a tilt 
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angle of 30o and an oscillation frequency of 20 cycles/min. For controls, culture 
medium was refreshed once and maintained in static condition for the duration of the 
flow experiment. Next, 45Ca2+ uptake assay was performed.  
 
Radioactive calcium (45Ca2+) uptake assay   
After cells were subjected to either static or 3 h flow condition, they were pretreated 
with 25 µM BAPTA-AM for 30 min. Cells were then washed with Krebs-Henseleit 
bicarbonate buffer (110 mM NaCl, 5 mM KCl, 1.2 mM MgCl2, 0.1 mM CaCl2, 10 mM 
Na-acetate, 2 mM NaH2PO4, and 20 mM HEPES; pH adjusted to 7.4 with 1 M Tris), 
followed by 10-min incubation with 45Ca2+ (1 µCi/ml) in KHB buffer containing 10 µM 
felodipine and 10 µM verapamil (voltage-gated Ca2+ channel inhibitors). In separate 
wells, ruthenium red (10 µM, TRPV5 blocker, (22)) or forskolin (10 µM) was added 
together with 45Ca2+. Uptake was halted by washing cells with ice-cold stop buffer 
(KHB buffer without NaH2PO4 but containing 0.5 mM CaCl2 and 1.5 mM LaCl3). Cells 
were then harvested in 0.05% w/v SDS solution and analyzed for radioactivity (45Ca2+) 
using liquid scintillation counter. 
 
Data statistics 
Differences between groups were assessed using a two-way ANOVA followed by the 
post hoc Tukey's test. Statistical significance was accepted at p<0.05. Statistical 
analysis was performed using GraphPad prism 6 statistic software (GraphPad, San 
Diego, CA, USA). 
Results  
Validation of IMCD3 cell lines stable expressing TRPV5 
To generate a ciliated renal epithelial cell line that stably expresses TRPV5, the 
CRISPR/Cas9 knock-in approach was employed. IMCD3 cells were co-transfected 
with two plasmids; one containing the sgRNA and Cas9 sequence, and the donor 
plasmid containing the GFP-TRPV5 sequence flanked with Rosa26 homologous arms. 
The former resulted in double-stranded breakage of the gDNA at the Rosa26 locus 
site providing two homologous arms whereby the donor plasmid utilized to insert the 
target gene under the CMV promoter (Fig. 1B). The GFP tag allowed for single sorting 
cells that are positive for TRPV5. To assess the integration of GFP-TRPV5 under the 
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CMV promoter at the Rosa26 site of the gDNA, genomic PCR was performed on 
different clones. Agarose gel analysis of the several GFP positive clones showed that 
only clone 2 produced a band of the expected size (Fig. 2B). Sequencing results 
further confirmed the integration of the functional cassette into the genome (Fig. 2C). 
Clone 2 was then used in subsequent experiments and referred as “GFP-TRPV5”. 
 
 
 
Figure 1. Schematic representation of the (A) types of flow and (B) CRISPR/Cas9 knock-
in of GFP-TRPV5 in IMCD3 cells. (A) Epithelial cells exposed to unidirectional pulsatile or 
oscillatory flow. Arrows indicate the direction of fluid flow and shear forces exerted. Primary 
cilia bending behavior is different for each type of fluid flow. (B) IMCD3 cells were co-
transfected with two DNA constructs (denoted as I and II) using Lipofectamin 2000. The 
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sgRosa26+Cas9 cuts the double-stranded DNA at Rosa26 locus site providing two 
homologous arms (HA), where the functional cassette (CMV-GFP-TRPV5) is incorporated into 
the genome via homologous directed repair.				
		
Figure 2. Selection of GFP-TRPV5 IMCD3 clones (C1, C2 and C3). (A) Microscopic 
screening of GFP of CRISPR-modulated cells grown on 6-well plates. (B) Agarose gel of 
genomic PCR products using two sets of primers, PP1 and PP3, designed to produce an 
amplicon size of 1.74 kb and 3.85 kb, respectively. Only clone 2 (C2) produced the expected 
band size using both sets of primers. (C) Sequencing results from genomic PCR products 
from clone 2 at the left and right integration junctions. 
 
Functional characterization of GFP-TRPV5 IMCD3 cells 
To analyse the presence of functional TRPV5 channels in the membrane, clone 2, 
clone 3, and wildtype (WT, i.e. non-transfected) IMCD3 cells were grown to confluency 
in 24-well plates followed by 45Ca2+ uptake assay. To ensure TRPV5-mediated Ca2+ 
uptake, inhibitors of endogenous voltage-gated Ca2+ channels (i.e. felodipine and 
verapamil) were added to the KHB uptake buffer. 45Ca2+ uptake was at least 2-fold 
higher in clone 2 compared to WT (Fig. 3). Conversely, clone 3 showed similar 45Ca2+ 
uptake levels as that of WT. Addition of ruthenium red (RR, a TRPV5 blocker) 
significantly reduced the uptake of 45Ca2+ in all cell types, but more noticeable in clone 
2. Moreover, clone 2 cells displayed a significant increase in 45Ca2+ uptake upon 
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addition of forskolin.		
 
	
 
Figure 3. Functional validation of GFP-TRPV5 IMCD3 clones. Wildtype (WT, non-
transfected) cells and two clones of GFP-TRPV5 transfected IMCD3 cells (C2 and C3) were 
seeded in 24-well plates. Confluent cells were serum starved for 1 day before preforming 
45Ca2+ uptake assay. Cells were incubated with 45Ca2+ in the absence (white bars) and 
presence of 10 µM RR (black bars) or 10 µM forskolin (grey bars). Results are shown as mean 
± SEM. * p<0.05 compared to WT; # p<0.05 compared to respective untreated cells. 
 
Effect of different types of flow on TRPV5-mediated Ca2+ uptake  
The data presented thus far demonstrate that clone 2 stably expresses functional 
GFP-TRPV5 channel (hence referred as GFP-TRPV5 IMCD3 cell line). Furthermore, 
these cells display robust primary cilia, mimicking the cellular structure of the tubular 
cells of the nephron. Therefore, this cell line can be used as a model to investigate 
whether the type of flow, oscillatory (turbulent) or unidirectional (laminar) pulsatile fluid 
flow, triggers different cellular processes to allow renal cells to adjust their Ca2+ 
reabsorption capacity. WT and GFP-TRPV5 IMCD3 cultures were subjected to either 
oscillatory or unidirectional pulsatile fluid flow for 3 h, followed by 45Ca2+ uptake assay. 
Exposure to oscillatory type of flow did not significantly alter the 45Ca2+ uptake level in 
both WT and GFP-TRPV5 cells (Fig. 4A). On the contrary, unidirectional pulsatile fluid 
flow resulted in a significant increase in 45Ca2+ uptake compared to its static 
counterpart in GFP-TRPV5 cells, but not in WT cells (Fig. 4B). 
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Figure 4. 45Ca2+ uptake in WT and GFP-TRPV5 IMCD3 cells subjected to two types of 
flow. Cells were seeded into microslide six-channel ibidi chambers or 24-well plates. After 1-
day serum starvation, cells in ibidi chambers were exposed to a (A) unidirectional pulsatile 
fluid flow by connecting to a peristaltic pump, while cells in 24-well plates exposed to an (B) 
oscillatory flow using the 2D rocker system for 3 h. Next 45Ca2+ uptakezxt assay was performed 
as described in the methods section. White bars refer to cells under static condition, while 
black bars refer to exposure to fluid flow. Results are shown as mean ± SEM * p<0.05 
compared to the respective static condition; # p<0.05 compared to flow in WT cells. 
Discussion  
In this study, we have described the generation and characterization of an IMCD3 cell 
line stably expressing GFP-TRPV5. Furthermore, GFP-TRPV5 IMCD3 cells exposed 
to unidirectional pulsatile, as opposed to oscillatory, type of flow resulted in and 
increased capacity of Ca2+ uptake. This suggests that renal cells, such as in DCT/CNT, 
sense and respond differently to different types of fluid flow. 
To study the biomechanical regulation of TRPV5 channel in vitro, IMCD3 cells 
that stably express TRPV5 were produced. Previously, our lab has described several 
in vitro cell models for the study of TRPV5 (23, 24). Diepens et al. have characterized 
the Ca2+ transport capacity of mpkDCT cells that are derived from microdissected 
mouse DCT (23). Alternatively, MDCK-1 (Madin-Darby canine kidney) stably 
expressing TRPV5 (TRPV5-MDCK cells) were generated and characterized by den 
Dekker et al. (24). While both mpkDCT and TRPV5-MDCK cells showed a functional 
TRPV5 channel in the apical membrane, they lacked primary cilia as opposed to 
IMCD3 cells when analysed by immunostaining (data not shown). Primary cilium has 
been highly purported to be the fluid flow sensing organelle that mediates downstream 
intracellular signaling (25-28). Their presence in our cell model is, therefore, crucial. 
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Using the CRISPR/Cas9 gene editing tool, a DNA cassette of GFP-TRPV5 under the 
CMV promoter was inserted at the genomic Rosa26 locus site of IMCD3 cells. The 
visualization of GFP allowed for indirect screening of TRPV5 expression. Similar to 
the TRPV5-MDCK cells (24), functional TRPV5 channels were present in the plasma 
membrane of GFP-TRPV5 IMCD3 as demonstrated by a significant rise in 45Ca2+ 
uptake compared to the WT. The addition of RR, a commonly used TRPV5 blocker, 
inhibited 45Ca2+ uptake in GFP-TRPV5 IMCD3 (clone 2) indicating TRPV5-mediated 
Ca2+ uptake. RR also decreased 45Ca2+ uptake level in WT and clone 3 which could 
be due to expression of endogenous TRPV5 or due to unspecific inhibition of other 
Ca2+ channels by RR. Incubation with forskolin, a compound known to elevate adenylyl 
cyclase (cAMP) levels, further enhanced 45Ca2+ uptake in GFP-TRPV5 IMCD3 cells 
only. Forskolin has been shown to mimic the effects of parathyroid hormone in 
stimulating TRPV5-mediated Ca2+ reabsorption (29, 30). Thus, our GFP-TRPV5 
IMCD3 cell line encompass functional TRPV5 channels that are sensitive to cAMP 
levels similar to what has been demonstrated in primary DCT/CNT cultures (31) and 
other DCT cell lines (23).        
After the establishment of an in vitro cell model to study TRPV5-mediated Ca2+ 
transport, these cells were exposed to either unidirectional pulsatile or oscillatory fluid 
flow followed by 45Ca2+ uptake assay. Each type of fluid flow imposes a different 
directional component of shear forces on the cells as shown in figure 1A. Unidirectional 
pulsatile flow is characterized by a positive net forward flow, while the oscillatory flow 
is bidirectional and has zero net forward flow. TRPV5-mediated 45Ca2+ uptake was 
stimulated only in GFP-TRPV5 IMCD3 exposed to unidirectional type of flow. This 
result is in contrast to our previous study using primary DCT/CNT culture, where 
exposure of primary DCT/CNT cultures to oscillatory type of flow significantly 
enhanced the transcellular 45Ca2+ transport; an effect explained by the simultaneous 
increase of TRPV5 and NCX1 gene expression (14). In our current study, the TRPV5 
gene in GFP-TRPV5 IMCD3 cells is under the CMV promoter; thus, its expression 
level is presumably similar in both static and sheared GFP-TRPV5 IMCD3. Therefore, 
it can be postulated that the increased uptake observed with the unidirectional fluid 
flow is attributed to higher TRPV5 channel activity or more TRPV5 trafficking to the 
plasma membrane. In this respect, it would be interesting to employ the patch clamp 
technique to directly test single cell TRPV5 channel activity, and cell surface 
biotinylation techniques to measure the TRPV5 membrane abundance, in GFP-
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TRPV5 IMCD3 subjected to unidirectional flow. Furthermore, it has been shown that 
the bending behavior of primary cilia can regulate the response to fluid flow (32). The 
two types of fluid flow used in this study exert different bending behavior of primary 
cilia, of which their role in the biomechanical regulation of TRPV5 channel remains to 
be determined.  
From a physiological point of view, one can only speculate. Renal tubular flow 
is highly variable, being pulsatile with variable oscillations due to heart rate and 
tubuloglomerular feedback (33). Therefore, it is possible that the stimulation of 
TRPV5-mediated Ca2+ transport in the DCT/CNT segment upon fluid shear stress 
involves multiple cellular events based on the type of fluid flow. In the case of 
unidirectional pulsatile fluid flow, the rise of Ca2+ transport can be as a result of 
activation of TRPV5 channel activity or membrane abundance as professed in the 
current study. Whereas oscillatory fluid flow involves transcriptional upregulation of 
TRPV5 and NCX1 to increase transcellular Ca2+ transport.   
In conclusion, the GFP-TRPV5 IMCD3 cell line generated and characterized in 
this study offers a new tool to study TRPV5 regulation by different mechanical forces. 
Using this cell line, we demonstrated that unidirectional pulsatile, as opposed to 
oscillatory, fluid flow enhances TRPV5-mediated Ca2+ influx into the cell. These 
findings illustrate that regulation of channel activity in the nephron is a process that 
depends on the type of flow sensed. Since the segments of the nephron are 
presumably subjected to different types of flow (turbulent or laminar), our findings 
unravel a new mechanism of fluid shear stress-regulated TRPV5 function.  Also, these 
data will assist investigators in developing a comprehensive in vitro model to study the 
molecular mechanisms of flow regulation of TRPV5 channel. 
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Abstract 
The PKD1 gene encodes polycystin-1 (PC1), a mechanosensor triggering intracellular 
responses upon urinary flow sensing in kidney tubular cells. Mutations in PKD1 lead 
to autosomal dominant polycystic kidney disease (ADPKD). The involvement of PC1 
in renal electrolyte handling remains unknown since renal electrolyte physiology in 
ADPKD patients has only been characterized in cystic ADPKD. We thus studied the 
renal electrolyte handling in inducible kidney-specific Pkd1 knockout (iKsp-Pkd1-/-) 
mice manifesting a pre-cystic phenotype. Serum and urinary electrolyte 
determinations indicated that iKsp-Pkd1-/- mice display reduced serum levels of 
magnesium (Mg2+), calcium (Ca2+), sodium (Na+) and phosphate (Pi) compared with 
control (Pkd1+/+) mice; and renal Mg2+, Ca2+ and Pi wasting. In agreement with these 
electrolyte disturbances, downregulation of key genes for electrolyte reabsorption in 
the thick ascending limb of Henle's loop (TAL, Cldn16, Kcnj1 and Slc12a1), distal 
convoluted tubule (DCT, Trpm6 and Slc12a3) and connecting tubule (CNT, Calb1, 
Slc8a1, Atp2b4) was observed in kidneys of iKsp-Pkd1-/- mice compared with controls. 
Similarly, decreased renal gene expression of markers for TAL (Umod) and DCT 
(Pvalb) was observed in iKsp-Pkd1-/- mice. Conversely, mRNA expression levels in 
kidney of genes encoding solute and water transporters in the proximal tubule (Abcg2 
and Slc34a1) and collecting duct (Aqp2, Scnn1a and Scnn1b) remained comparable 
between control and iKsp-Pkd1-/- mice. In conclusion, our data indicate that PC1 is 
involved in renal Mg2+, Ca2+ and water handling, and its dysfunction resulting in a 
systemic electrolyte imbalance characterized by low serum electrolyte concentrations. 
 
Key words: PC1, Pkd1, ADPKD, pre-cystic, electrolyte imbalance 
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Introduction 
The primary function of the kidneys is the removal of waste products from our 
metabolism. This process accounts for the challenge of filtering an average of 180 
liters of blood daily. Upon filtration, the kidney reabsorbs 95% of the electrolytes 
contained in the filtrate. Consequently, a minor loss of kidney function yields disturbed 
plasma concentrations due to excessive urinary electrolyte excretion or absorption. 
This dysregulation of the electrolyte balance results in renal and extrarenal disorders 
including hypertension, renal stone formation and development of cardiovascular 
calcifications (8, 14, 21). 
In the nephron, consecutive epithelial segments, i.e. the proximal tubule (PT), 
the thick ascending limb of Henle’s loop (TAL), the distal convoluted tubule (DCT), the 
connecting tubule (CNT) and the collecting duct (CD), maintain electrolyte balance 
through passive and/or active regulation of electrolyte reabsorption. Renal electrolyte 
handling is accomplished through the interplay of various tight junction proteins and 
ion channels and transporters expressed alongside the nephron (2, 19, 31, 41, 49). It 
is largely unknown how the activity of these channels and transporters is regulated. 
One of the factors that may comprise this regulation is the variable urinary flow in the 
nephron tubules. After all, renal electrolyte transport needs to be adjusted to the 
reabsorption demands that are dictated by the variable urinary flow in order to maintain 
electrolyte balance. In this context, it appears that tubular variable urinary flow is 
sensed by primary cilia, which are expressed in almost all epithelial cells within the 
kidney (9). The protein polycystin-1 (PC1), located at the cellular apical plasma 
membrane and in primary cilia (structures protruding from the apical surface of renal 
tubular cells), is suggested to act as a mechanosensory molecule for urinary flow (24, 
33, 45, 56). 
The gene PKD1 encodes PC1 and is involved in the regulation of various 
signaling pathways important for the maintenance and differentiation of kidney tubular 
epithelial cells (5). Mutations in PKD1 lead to autosomal dominant polycystic kidney 
disease (ADPKD), which is one of the most common inherited renal diseases 
accounting for 7 to 10% of all patients on renal replacement therapy (16, 38). ADPKD 
is characterized by increased cell proliferation, fluid accumulation and altered 
extracellular matrix synthesis, resulting in cyst formation and eventually in end-stage 
renal disease (ESRD). In advanced ADPKD, hypertension is common and glomerular 
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filtration rate (GFR) is reduced (6, 48). Electrolyte disturbances in ADPKD are 
described in literature, but these reports are mostly restricted to cystic ADPKD (4, 
11,13, 34, 39, 40, 43, 44, 47, 51, 55, 57, 58). When electrolyte imbalances are 
detected in cystic ADPKD, it is not possible to discern whether these disturbances are 
caused by either dysfunctional PC1, or by cyst formation or defects in GFR, which 
dramatically impair renal fluid flow and blood filtration, respectively. In Pkd1+/- mice, 
urinary wasting of Na+, reduced urinary Ca2+ excretion and serum Na+ levels have 
been reported (1). However, Pkd1+/- mice are not adequate to disclose PC1 function 
since one Pkd1 allele still translates into a functional PC1 protein, while Pkd1-/- mice 
die prematurely. Therefore, use of kidney-specific Pkd1-/- mice, which are viable (27) 
and in a stage preceding cyst formation (pre-cystic), is key to elucidate the involvement 
of PC1 in renal electrolyte handling. Identification of putative electrolyte disturbances 
kidney-specific Pkd1-/- mice can be of paramount relevance to fully characterize the 
function of PC1 and thus delineate the physiological consequences of sensing urinary 
flow along the nephron. 
The aim of this study was, therefore, to study the function of PC1 in renal 
electrolyte handling in relation to pre-cystic ADPKD by using an inducible kidney-
specific Pkd1-/- mouse model. 
Materials and methods 
Animal procedures 
Inducible kidney-specific Pkd1 knockout mice (iKsp-Pkd1lox/lox) were used during 
experimentation. In this mouse model, the Pkd1lox/lox allele has Lox-P sites flanking 
exons 2-11. Tamoxifen was orally administered to iKsp-Pkd1lox/lox mice on postnatal 
days 18, 19 and 20 (PN18) to induce a kidney specific knockout of Pkd1 (iKsp-Pkd1-
/-) and thus model ADPKD (26, 27). For experimentation, 8 male mice received 
tamoxifen (iKsp-Pkd1-/-) and 7 male mice received no treatment (control). Only male 
mice were used in order to exclude sex as a factor influencing electrolyte handling 
since estrogen can influence Mg2+ absorption rates (8). At PN18 + 22 days and at 
PN18 + 29 days, mice were placed in metabolic cages for 24hrs to collect urine and 
faeces. Subsequently, body weight, faeces weight, urinary volume, food and water 
intake were assessed. Next, mice were anesthetized using isoflurane, and blood was 
collected via eye extraction. Finally, mice were sacrificed by cervical dislocation. 
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Serum was obtained from the blood by centrifugation. Kidneys were extracted and 
weighed, and different segments of the intestine were collected in liquid nitrogen and 
stored at -80°C for mRNA and protein isolation. Part of the kidney was fixed in 4% 
(v/v) formalin before imbedding in paraffin for immunohistochemistry. Urine and faeces 
were stored at -20°C for assessment of the electrolyte content. The local animal 
experimental committee of the Leiden University Medical Center and the Commission 
Biotechnology in Animals of the Dutch Ministry of Agriculture approved the animal 
procedures performed.  
 
Analytical procedures 
Serum, urinary and faecal electrolyte content was measured using inductively coupled 
plasma mass spectrometry (ICP-MS, ppb, for Mg2+, Ca2+, Na+ and K+), a chloride 
autoanalyzer (ppb, for Cl-), and inductively coupled plasma optic emission 
spectrometry (ICP-OES, ppm, for total phosphorus (as a measurement of inorganic 
phosphate, Pi)). Samples were prepared by dissolving 20μl of serum or urine in 50μl 
nitric acid (HNO3) and further diluted in 5ml MQ water. Faeces were incubated in 10ml 
HNO3 at 50°C for 1hr. Next, total faeces samples were diluted with 10ml MQ water, 
homogenized by shaking, and 100μl of sample was further diluted with 5ml MQ. 
Diluted samples were then analyzed. In addition, blood urea nitrogen (BUN, mg/dl) 
was analyzed in the serum. Serum glucose (mmol/L) was analyzed using a glucose 
liquicolor kit (HUMAN GmbH, Germany). Osmolality (mOsm/kg) was assessed in the 
urine and serum using an osmometer (Osmometer Model 3320, Advanced 
Instruments Inc, MA, USA). Furthermore, the calculated serum osmolarity was 
determined using the following formula: 2 x serum[Na+] + serum[glucose] + [BUN] (52). 
Non-acetylated cAMP (nmol/24-hrs) was analyzed in the urine using a nonradioactive 
enzyme immunoassay kit (Cayman Chemical, MI, USA). The weight of both kidneys 
(2KW) was compared to the total body weight (BW) in order to determine the 2KW/BW 
ratios (%) for each mouse.  
 
Histology and cystic Index 
Formalin fixed kidneys were embedded in paraffin and sections (4μm) were prepared. 
Sections were stained with periodic-acid Schiff (PAS) and hematoxylin and eosin (HE) 
using standard procedures. PAS and HE stainings were analyzed in order to examine 
features such as tubular dilation and/or cyst formation. The cystic index of kidneys 
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from control and iKsp-Pkd1-/- mice was defined as the area percent of lumen area over 
the total image area and assessed from total scans of hematoxylin and eosin-stained 
kidney sections (Figure 1). The stained lumen content of larger dilations and/or 
potential small cysts was removed from the images using Photoshop CC 2017 (Adobe 
Systems, CA, USA). Cystic index, using the ratio of total renal area plus lumen and 
total renal area minus lumen was determined by ImageJ software (National Institute 
of Health, MA, USA). 
 
Immunohistochemistry 
Specific nephron segments were distinguished by immunofluorescence using 
segment specific primary antibodies, namely rat anti-breast cancer resistance protein 
(BCRP) for the PT (1:250 in Tris-NaCl-blocking buffer (TNB), Kamiya Biomedical 
Company, WA, USA), sheep anti-Tamm-Horsfall protein (THF) for the TAL (1:200 in 
TNB, Biotrend, Germany), rabbit anti-NCC for the DCT (1:200 in TNB, Millipore, MA, 
USA), guinea pig anti-TRPV5 for the CNT (1:2000 in TNB) (20) and rabbit anti-
Aquaporin-2 (AQP2) for the CD (1:100 in TNB, Millipore, MA, USA). Sections were 
deparaffinized in xylene and subjected to heat-mediated antigen retrieval in citrate 
buffer (pH 6.0, Sigma-Aldrich, MI, USA) for 15min. Sections were incubated in 0.1% 
(v/v) PBS-Triton for 15min for permeabilization. Sections with staining for BCRP, THF, 
NCC and AQP2 were blocked for 30min in TNB and incubated with primary antibodies 
overnight. Next, sections were washed with Tris-NaCl (TN-Tween) buffer and 
incubated with secondary antibodies for 1hr in dark at room temperature: goat anti-rat 
Cy5 (1:100 in TNB, for BCRP, Jackson ImmunoResearch, PA, USA), goat anti-sheep 
Alexa594 (1:300 in TNB, for THF, Molecular Probes, OR, USA) and goat anti-rabbit 
Alexa594 (1:300 in TNB, for NCC and AQP2, Molecular Probes, OR, USA). Finally, 
sections were washed with TN buffer and mounted (DAPI Fluoromount-G, 
SouthernBiotech, AL, USA). For anti-TRPV5, after permeabilization, sections were 
blocked with 0.3% (v/v) H2O2 for 30min for endogenous peroxidase activity. Next, 
sections were blocked with a few droplets of endogenous Avidin and Biotin (Vector 
Laboratories, CA, USA) for 15min each. Subsequently, sections were blocked using 
TNB for 30min and incubated with primary antibody overnight. Next, sections were 
washed with TN-Tween buffer and incubated with secondary antibody for 1hr in dark 
at room temperature: goat anti-guinea pig Biotin SP (1:2000 in TNB, Jackson 
ImmunoResearch, PA, USA). Subsequently, sections were incubated in strep-HRP 
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(1:100 in TNB, PerkinElmer, MA, USA) for 30 min followed by fluorescein tyramide 
(1:50 in amplification diluent, PerkinElmer, MA, USA) for 7min. Finally, sections were 
mounted (DAPI Fluoromount-G, SouthernBiotech, AL, USA) and analyzed with a 
fluorescence microscope (Axio Imager 2, Zeiss, Germany). 
 
Quantitative real-time PCR 
Tissue RNA was extracted using TriZol/chloroform extraction (Invitrogen, CA, USA). 
After DNase treatment (Promega, WI, USA), cDNA was synthesized using Molony-
Murine Leukemia Virus-Reverse Transcriptase (Invitrogen, CA, USA) as previously 
described (18). The cDNA was mixed with Power SYBR green PCR master mix 
(Applied Biosystems, CA, USA) and with primers (400nM) for the gene of interest as 
previously described (3). The expression of the following genes was assessed via 
RTqPCR (7min at 95°C, 40 cycles of 15 sec at 95°C and 1 min at 60°C) in the kidney; 
Abcg2, Atp2b4, Aqp2, Calb1, Cldn16, Cldn19, Cnnm2, Kcnj1, Kim-1, Prom1, Prom2, 
Pvalb, Scnn1a, Scnn1b, Slc8a1, Slc12a1, Slc12a3, Slc34a1, Slc41a3, Trpm6, Trpm7, 
Trpv5 and Umod (Table 1). In the intestine, the expression of the following genes was 
assessed: Atp2b4, Cnnm4, Trpm6 and Trpv6. As a reference gene, Gapdh was used, 
and negative controls (samples where the reverse transcriptase was omitted during 
cDNA synthesis, and non-template samples) were taken along with each gene. The 
relative gene expression was analyzed using the Livak method (2-ΔΔCt). 
 
Table 1. RTqPCR primer sequences 
Primer Forward (5’-3’) Reverse (5’-3’) 
Abcg2 TTGCATCAGCAGGTTACCAC CCCTTGGAAGGCTCTTCAGT 
Atp2b4 CTTAATGGACCTGCGAAAGC ATCTGCAGGGTTCCCAGATA 
Aqp2 ATCTATTTCACCGGCTGCTC GCGTTCCTCCCAGTCAGTGT 
Calb1 GACGGAAGTGGTTACCTGGA ATTTCCGGTGATAGCTCCAA 
Cldn16 TAAAGTCCGCCTTTGCTTTGT AGGAGCGTTCGACGTAAACAT 
Cldn19 CAGGTGCAATGCAAACTCTACG ACTTCATGCCCACGACACTG 
Cnnm2 GCCTTTAAGCAGACGGACAG GATGGGCTAAACGCTTCTAC 
Cnnm4 TCTGGGCCAGTATGTCTCTG CACAGCCATCGAAGGTAGG 
Gapdh TAACATCAAATGGGGTGAGG GGTTCACACCCATCACAAAC 
Kcnj1 GGTAAGACGGTGGAAGTGG CATTTGGGTGTCGTCTGTTTC 
Kim-1 GGAAGTAAAGGGGGTAGTGGG AAGCAGAAGATGGGCATTGC 
Prom1 GTGGAAGGAGCCCAGCTTA TCAAAGTACCATCCCTCTCCG 
  (continued on next page) 
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Primer Forward (5’-3’) Reverse (5’-3’) 
Prom2 GGCTGACCCCTGGAACG GTCTCTTCAGAGCTGGTGGA 
Pvalb CGCTGAGGACATCAAGAAGG AGCTTTCAGCCACCAGAGTG 
Scnn1a CATGCCTGGAGTCAACAATG CCATAAAAGCAGGCTCATCC 
Scnn1b GTCATCGGAACTTCACGCCTAT TCCTCCTGACCGATGTCCAG 
Slc8a1 CTCCCTTGTGCTTGAGGAAC CAGTGGCTGCTTGTCATCAT 
Slc12a1 GGCTCCTCCACACAGGCTC CACATGGTCTTCCACTGTGGTT 
Slc12a3 CTTCGGCCACTGGCATTCTG GATGGCAAGGTAGGAGATGG 
Slc34a1 TCAGGAAGAGGAGCAAAAGC AAAGGAAAGCCAGCATCAGA 
Slc41a3 TGAAGGGAAACCTGGAAATG GGTTGCTGCTGATGATTTTG 
Trpm6 AAAGCCATGCGAGTTATCAGC CTTCACAATGAAAACCTGCCC 
Trpm7 GGTTCCTCCTGTGGTGCCTT CCCCATGTCGTCTCTGTCGT 
Trpv5 CTGGAGCTTGTGGTTTCCTC TCCACTTCAGGCTCACCAG 
Trpv6 GGCCTCACAACCTCATTTAC CTCAATGAGCAGTCTAACAATC 
Umod TGCAGGGTAGATGAAGATTGC GGCACTTTCTGAGGGACATC 
 
Statistical analyses 
Differences between groups were assessed using an unpaired Student's t-test. All 
data were expressed as mean ± SEM. Statistical significance was accepted at P < 
0.05. Statistical analyses were performed using GraphPad Prism 6 (GraphPad, San 
Diego, CA, USA).  
Results  
Pre-cystic kidneys of iKsp-Pkd1-/- mice do not manifest tubular dilation in TAL, 
DCT and CNT 
Normal renal histology was observed in the kidneys of mice treated without tamoxifen 
(controls) by Periodic acid-Schiff (PAS) staining, whereas tamoxifen-treated mice 
(kidney specific Pkd1-/- (iKsp-Pkd1-/-) mice) displayed mild dilated tubules in the cortex, 
outer and inner medulla at PN18 + 29 days (Figure 1, 2A). In detail, after 
immunofluorescent staining for specific nephron segments, only mild tubular dilation, 
restricted to the PT and CD, was observed. Importantly, no tubular dilation was 
observed in TAL, DCT and CNT (Figure 2B). Remarkably, at this pre-cystic stage, 
Kim-1 (Kidney injury molecule-1) mRNA expression was significantly increased (P < 
0.05), whereas the Blood Urea Nitrogen (BUN) levels were not altered between control 
and iKsp-Pkd1-/- mice (Figure 2C-D). Furthermore, a significantly increased 2KW/BW 
ratio (1.3 ± 0.1% and 1.6 ± 0.1% for control versus iKsp-Pkd1-/- mice, respectively, P 
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< 0.05) and cystic index (1.8 ± 0.2% and 3.6 ± 0.4% for control versus iKsp-Pkd1-/- 
mice, respectively, P < 0.05) was observed (Figure 2E-F), indicative of enlargement 
of the kidneys due to the mild tubular dilations seen in the PT and CD. 
 
 
Figure 1. Illustrative examples of the images used for the calculation of the cystic index 
in iKsp-Pkd1-/- and control kidneys. The cystic index of kidneys from control and iKsp-Pkd1-
/- mice were assessed from total scans of hematoxylin and eosin-stained kidneys sections (A, 
D). The area of the total kidney minus lumen area was calculated (C, F) and subtracted from 
the total renal plus lumen area (B, E). 
 
Pre-cystic iKsp-Pkd1-/- mice display disturbances in renal electrolyte and water 
handling 
Serum and 24-hrs urine were collected to characterize the renal electrolyte and water 
handling in iKsp-Pkd1-/- mice with pre-cystic kidneys and in control mice. In detail, at 
PN18 + 22 days, urinary wasting of Ca2+ and Mg2+ was observed (P < 0.05) (Table 2); 
however, this effect was not observed at PN18 + 29 days (Table 2). Conversely, 
analysis at PN18 + 29 days showed that iKsp-Pkd1-/- mice exhibited lower serum Ca2+, 
Mg2+, Na+ and Pi levels (P < 0.05) and a renal Pi leakage (P < 0.05) (Table 2). A non-
statistically significant increase in urinary volume was observed in iKsp-Pkd1-/- mice 
as compared to controls (P = 0.23 and P = 0.08 for PN18 + 22 days and PN18 + 29 
days, respectively). No changes in urine osmolality and cAMP levels at PN18 + 22 
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days were observed. However, at PN18 + 29 days, urine osmolality was significantly 
lower (P < 0.05) in iKsp-Pkd1-/- mice as compared to controls (Table 2), indicting an 
activation of the arginine vasopressin (AVP)-cAMP-AQP2 axis. Significant changes in 
serum glucose were not observed between iKsp-Pkd1-/- and control mice at PN18 + 
29 days. Serum osmolality was similar between iKsp-Pkd1-/- and control mice at PN18 
+ 29 days. The calculated serum osmolarity was significantly lower in iKsp-Pkd1-/-  
mice as compared to controls. Furthermore, control and iKsp-Pkd1-/- mice had a 
comparable food and water intake (Table 2). 
 
Decreased expression of key genes for electrolyte reabsorption in TAL, DCT 
and CNT  
To assess whether the electrolyte imbalances in iKsp-Pkd1-/- mice resulted from 
aberrant gene expression, the mRNA expression of key genes relevant for electrolyte 
handling were examined in the kidney. At PN18 + 29 days, downregulation of the 
mRNA levels in whole kidney of several key genes for electrolyte reabsorption in TAL, 
DCT and CNT was observed in iKsp-Pkd1-/- mice compared to control mice. In TAL, 
the expression of Cldn16 (Claudin16), Kcnj1 (ROMK) and Slc12a1 (NKCC2) were 
decreased (P < 0.05) (Figure 3B). In DCT, reduced expression of Trpm6 (TRPM6) and 
Slc12a3 (NCC) was observed (P < 0.05) (Figure 3C). The expression of Calb1 
(Calbindin1), Slc8a1 (NCX1) and Atp2b4 (PMCA4) was downregulated in the CNT (P 
< 0.05) (Figure 3D). Genes encoding channels and transporters in the PT (Abcg2 and 
Slc34a1) and CD (Aqp2, Scnn1a and Scnn1b) were not affected (Figure 3A, 3E). Gene 
expression of Trpm7 (TRPM7), a gene ubiquitously expressed along the nephron, was 
similar in iKsp-Pkd1-/- and control mice (Figure 3F).  
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Figure 2. Kidneys of iKsp-Pkd1-/- mice display a pre-cystic phenotype at PN18 + 29 days. 
(A, B and C) iKsp-Pkd1lox/lox mice untreated (control) or treated (kidney specific Pkd1-/-) with 
tamoxifen on post-natal days 18, 19 and 20 (PN18) and sacrificed 29 days later (PN18 + 29 
days). (A) Periodic acid-Schiff (PAS) staining indicating normal renal histology in mice without 
tamoxifen treatment (control) and mild tubular dilation 29 days after tamoxifen treatment 
(Pkd1-/-). Mild tubular dilation is observed in the cortex, outer and inner medulla. (B) Mild 
tubular dilation was observed predominantly in the PT (anti-BCRP, green) and CD (anti-AQP2, 
red). No significant tubular dilation was observed in the TAL (anti-THF, red), DCT (anti-NCC, 
red) and CNT (anti-TRPV5, green). (C) Increased Kim-1 mRNA expression observed in pre-
cystic kidneys of Pkd1-/- mice. (D) Blood Urea Nitrogen (BUN) levels displayed as mg/dL, no 
significant differences were observed. (E) Ratio of the kidney weight to body weight expressed 
as a percentage (2KW/BW %) and (F) the calculated cystic index showing the percentage of 
dilated/cystic area, values are presented as means ± SEM (n = 7-8), *P < 0.05 is considered 
statistically significant. 
 
Decreased gene expression of renal segment markers in pre-cystic iKsp-Pkd1-
/- mice 
The expression of Umod (Uromodulin), a marker of the TAL (46), and Pvalb 
(Parvalbumin), a marker of the DCT (36), was downregulated in iKsp-Pkd1-/- mice 
compared to control mice (P < 0.05) (Figure 4A). Furthermore, decreased expression 
of Prom2 (Prominin-2), a marker of TAL, DCT, CNT and CD was also observed iKsp-
Pkd1-/- mice compared to control mice (P < 0.05), whereas Prom1 (Prominin-1) 
expression, a marker of the PT (23), was similarly expressed in the kidneys of control 
and iKsp-Pkd1-/- mice (Figure 4B). 	
 
  
Chapter 5 
 
	132 
Table 2. Electrolyte balance in kidney-specific Pkd1-/- mice 
 PN18 + 22 days PN18 + 29 days 
 control Pkd1-/- control Pkd1-/- 
Serum (mmol/L)     
 Ca2+    2.33 ± 0.04 (7) 2.09 ± 0.04 (8)* 
 Cl-    82 ± 2 (7) 83 ± 2 (8) 
 K+    5.5 ± 0.2 (7) 5.3 ± 0.1 (8) 
 Mg2+    1.23 ± 0.06 (7) 1.02 ± 0.02 (8)* 
 Na+    154.8 ± 0.5 (7) 148.0 ± 2.0 (8)* 
 Pi   2.37 ± 0.03 (7) 2.30 ± 0.02 (8)* 
Urine (μmol/24-hrs)     
 Ca2+  2.0 ± 0.5 (7) 4.3 ± 0.8 (8)* 4.7 ± 0.9 (7) 3.1 ± 0.5 (8) 
 Cl-  148 ± 32 (7) 217 ± 13 (8) 204 ± 30 (7) 191 ± 25 (8) 
 K+  306 ± 71 (7) 392 ± 27 (8) 343 ± 67 (7) 361 ± 32 (8) 
 Mg2+  27 ± 5 (7) 55 ± 6 (8)* 33 ± 6 (7) 49 ± 5 (8) 
 Na+  123 ± 24 (7) 172 ± 8 (8) 162 ± 26 (7) 138 ± 17 (8) 
 Pi 13 ± 3 (7) 8 ± 3 (8) 5.2 ± 2.3 (7) 16.7 ± 3.9 (8)* 
Faeces (μmol/24-hrs)     
 Ca2+  899 ± 32 (4) 957 ± 73 (7) 1064 ± 150 (4) 1035 ± 127 (5) 
 Cl-  35 ± 3 (4) 31 ± 2 (7) 29 ± 1 (4) 25 ± 3 (5) 
 K+  159 ± 31 (4) 151 ± 24 (7) 177 ± 21 (4) 126 ± 11 (5) 
 Mg2+  205 ± 3 (4) 246 ± 20 (7) 261 ± 34 (4) 206 ± 23 (5) 
 Na+  118 ± 11 (4) 129 ± 11 (7) 137 ± 25 (4) 124 ± 11 (5) 
 Pi 279 ± 4 (4) 286 ± 16 (7) 311 ± 51 (4) 286 ± 29 (5) 
Urinary volume (mL) 0.66 ± 0.14 (7) 0.90 ± 0.12 (8) 0.63 ± 0.15 (7) 0.93 ± 0.08 (8) 
Urine osmolality 
(mOsm/kg) 
3238 ± 366 (7) 2603 ± 172 (8) 3518 ± 363 (7) 2629 ± 187 (8)* 
Serum osmolality 
(mOsm/kg) 
  324 ± 7 (7) 341 ± 19 (8) 
Calculated serum 
osmolarity (mOsm/L) 
  329 ± 1 (7) 314 ± 4 (8)* 
BUN (mg/dL)   32 ± 2 (7) 25 ± 3 (8) 
Serum glucose (mmol/L)   8.2 ± 0.4 (7) 9.0 ± 0.4 (8) 
Urinary cAMP (nmol/24-
hrs) 
52 ± 7 (7) 34 ± 4 (8) 40 ± 4 (7) 63 ± 14 (8)* 
Bodyweight (g) 18.9 ± 0.9 (7) 17.8 ± 0.4 (8) 19.9 ± 0.7 (7) 20.0 ± 0.4 (8) 
2KW/BW (%)   1.3 ± 0.1 (7) 1.6 ± 0.1 (8)* 
Cystic index (%)   1.8 ± 0.2 (7) 3.6 ± 0.4 (8)* 
Food intake (g) 4.3 ± 0.1 (7) 4.6 ± 0.1 (8) 4.5 ± 0.1 (7) 4.5 ± 0.3 (8) 
Water intake (mL) 4.1 ± 0.7 (7) 3.8 ± 0.2 (8) 4.2 ± 0.2 (7) 4.1 ± 0.2 (8) 
Values are presented as the mean ± SEM. The number of animals per group (n) is given. 
Significant differences are indicated with an asterisk (*). 
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Figure 3.  Renal expression of transporters relevant for electrolyte reabsorption. (A-F) 
iKsp-Pkd1lox/lox mice were either untreated (control, white bars) or treated (kidney specific 
Pkd1-/-, black bars) with tamoxifen on post-natal days 18, 19 and 20 (PN18) and sacrificed 29 
days later (PN18 + 29 days). (A) Relative mRNA expression of genes enriched in the PT. The 
genes assessed were Abcg2 (encoding BCRP) and Slc34a1 (encoding NaPi-2a). (B) Relative 
mRNA expression of genes enriched in the TAL. Genes measured were Cldn19, Cldn16, 
Kcnj1 (encoding ROMK) and Slc12a1 (encoding NKCC2). (C) Relative mRNA expression of 
genes enriched in the DCT. Genes measured were Trpm6, Slc12a3 (encoding NCC), Cnnm2 
and Slc41a3. (D) Relative mRNA expression of genes enriched in the CNT. Genes measured 
were Trpv5, Calb1 (encoding calbinin-D28K), Slc8a1 (encoding NCX1) and Atp2b4 (encoding 
PMCA4A). (E) Relative expression to controls of genes enriched in the CD. Genes measured 
were Aqp2, Scnn1a (encoding ENaCα) and Scnn1b (encoding ENaCβ). (F) Relative mRNA 
expression of Trpm7 (ubiquitous expressed along the nephron). (A-F) mRNA levels were 
assessed by RTqPCR and normalized against the reference gene Gapdh. Gene expression 
data were calculated using the Livak method (2−ΔΔCt), and they represent the mean fold 
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difference (mean ± SEM, n = 7-8) from the calibrator group (control mice). *P < 0.05 is 
considered statistically significant. 
 
 
Figure 4. Decreased gene expression of markers for TAL and DCT. (A-B) iKsp-Pkd1lox/lox 
mice were either untreated (control, white bars) or treated (kidney specific Pkd1-/-, black bars) 
with tamoxifen on post-natal day 18, 19 and 20 (PN18) and sacrificed 29 days later (PN18 + 
29 days). (A) Relative mRNA expression of genes encoding specific renal segment markers, 
namely Umod (encoding Uromodulin) for the TAL and Pvalb (encoding Parvalbumin) for the 
DCT. (B) Relative mRNA expression of genes encoding for a specific marker of the PT, 
namely Prom1 (encoding Prominin-1) and Prom2 (encoding Prominin-2), a marker for distal 
tubules. mRNA expression levels were assessed by RTqPCR and normalized against the 
reference gene Gapdh. Gene expression data were calculated using the Livak method (2−ΔΔCt), 
and they represent the mean fold difference (mean ± SEM, n = 7-8) from the calibrator group 
(control mice). *P < 0.05 is considered statistically significant. 
 
Compensation of the renal electrolyte disturbances in the intestine 
In order to disclose extra-renal mechanisms for the electrolyte imbalances elicited by 
knocking out Pkd1 in the mouse kidney, we assessed the mRNA expression of genes 
relevant for electrolyte handling in the intestine. Interestingly, Trpv6 (TRPV6) 
expression was increased in duodenum (P < 0.05) of iKsp-Pkd1-/- mice as compared 
to controls (Figure 5A), whereas in colon, Trpm6 expression was decreased (P < 0.05). 
In duodenum and caecum, no changes in Trpm6 expression were observed. 
Furthermore, in colon and caecum, no changes in gene expression were observed 
between iKsp-Pkd1-/- and control mice for Cnnm4, Trpv6 and Atp2b4 (Figure 5B, 5C). 
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Figure 5. Intestinal expression of transporters relevant for electrolyte reabsorption. (A-
C) iKsp-Pkd1lox/lox mice were either untreated (control, white bars) or treated (kidney specific 
Pkd1-/-, black bars) with tamoxifen on post-natal day 18, 19 and 20 (PN18) and sacrificed 29 
days later (PN18 + 29 days). Relative mRNA expression of key genes for Ca2+ and Mg2+ 
absorption in the duodenum (A), caecum (B) and colon (C). Genes assessed were Trpm6, 
Cnnm4, Trpv6 and Atp2b4 (encoding PMCA4A). mRNA levels were assessed by RTqPCR 
and normalized against the reference gene Gapdh. Gene expression data were calculated 
using the Livak method (2−ΔΔCt), and they represent the mean fold difference (mean ± SEM, n 
= 7-8) from the calibrator group (control mice). *P < 0.05 is considered statistically significant. 
Discussion  
This study is the first characterization of the renal electrolyte and water handling in a 
model of ADPKD during the renal pre-cystic phase. We show that the knockout of PC1 
in the mouse kidney leads to decreased serum Mg2+, Ca2+, Na+ and Pi levels; and 
urinary wasting of Mg2+ and Ca2+ during the pre-cystic stage, illustrating the role of 
PC1 in renal Mg2+ and Ca2+ handling. In addition, our data support the involvement of 
PC1 in the regulation of water reabsorption in the kidney. The Mg2+ and Ca2+ 
imbalances elicited by dysfunctional PC1 were likely caused by a decrease in the 
expression of key genes for the reabsorption of Mg2+ and Ca2+ in TAL, DCT and CNT 
of the nephron.  
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By characterizing the renal electrolyte and water handling, and its influence on 
serum electrolyte levels, in the renal pre-cystic stage of iKsp-Pkd1-/- mice, information 
about the early stages of development of ADPKD is provided. Most studies using 
models for ADPKD have only investigated renal cystic stages, and thus, later stages 
to the pre-cystic phase. The mice used in our study clearly show a renal pre-cystic 
phenotype. This is supported by the low 2KW/BW ratios, the low cystic index, and the 
absence of cysts in the PAS-stained kidney sections of Pkd1-/- mice. We only observed 
a mild tubular dilation restricted to the PT and CD (cystic index: 3.6 ± 0.4%). Models 
with a cystic phenotype generally display a cystic index of 20 to 60%, depending on 
the model (10, 17, 28, 35).  
iKsp-Pkd1-/- mice showed renal Mg2+ and Ca2+ wasting at PN18 + 22 days, 
pointing to a role of PC1 in the reabsorption of Mg2+ and Ca2+ in the kidney. This Mg2+ 
and Ca2+ leak in the kidney of iKsp-Pkd1-/- mice was manifested as reduced serum 
Mg2+ and Ca2+ levels as compared with control mice at a later time point of PN18 + 29 
days. Changes in urinary electrolyte excretion precede changes in serum electrolyte 
concentrations (12). Thus, the renal Mg2+ and Ca2+ leak detected in iKsp-Pkd1-/- mice 
compared to control mice at PN18 + 22 days illustrates evolving systemic (serum) 
Mg2+ and Ca2+ disturbances, which become apparent at PN18 + 29 days. The 
comparable Mg2+ and Ca2+ excretion between control and iKsp-Pkd1-/- mice at PN18 
+ 29 days illustrate further the inability of the kidneys at this time point to restore the 
serum electrolyte balance by increasing Mg2+ and Ca2+ reabsorption. These data are 
consistent with adult Slc41a3-/- and Trpm6+/- mice of 8-12 weeks, that display lower 
serum Mg2+ concentrations and a comparable urinary Mg2+ excretion compared with 
control (Slc41a3+/+ and Trpm6+/+, respectively) mice (7, 48).  
In addition to renal Mg2+ and Ca2+ wasting, urinary Pi excretion was increased 
in iKsp-Pkd1-/- mice compared to control mice at PN18 + 29 days. This finding relates 
PC1 function to the control of renal Pi excretion in addition to regulating renal Mg2+ 
and Ca2+ handling. 
In agreement with the decreased Na+ levels in serum found in our iKsp-Pkd1-/- 
mice compared with control mice, haploinsufficient Pkd1 mice, that do not develop 
cysts, had lower serum Na+ levels than Pkd1+/+ mice (1). A decreased serum Na+ 
concentration relates to an excess of water in the blood (32) or a renal salt wasting 
resulting in hypovolaemia (30). However, control and iKsp-Pkd1-/- mice had a similar 
serum osmolality (PN18 + 29 days), though the calculated serum osmolarity was lower 
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in iKsp-Pkd1-/- mice. Control and iKsp-Pkd1-/- mice displayed a comparable water 
intake and urine output, not indicating water overload or hypovolaemia, respectively. 
Thus, the origin of the lower levels of Na+ in the serum of iKsp-Pkd1-/- mice compared 
with controls remains elusive.      
In contrast with serum osmolality, urine osmolality was significantly decreased 
at PN18 + 29 days in iKsp-Pkd1-/- mice as compared to controls. Taking into account 
the increase in urine production between iKsp-Pkd1-/- versus control mice (though not 
statistically significant) (Table 2), these data clearly indicate an inability of the kidneys 
of iKsp-Pkd1-/- mice to concentrate ions in urine. This is supported by increased urinary 
cAMP levels in iKsp-Pkd1-/- mice, which indicates a compensatory response to the 
decreased water reabsorption by activation of the AVP-cAMP-AQP2 axis (42).   
Importantly, BUN, a common marker for kidney function, remained unchanged 
in Pkd1-/- mice, indicating that the disturbances in Mg2+, Ca2+ and Na+ balance 
observed are not caused by defects in glomerular filtration. However, an increase in 
the expression of Kim-1 in the pre-cystic kidneys of iKsp-Pkd1-/- mice was observed 
as compared with control mice. These findings point to mild tubular injury as a result 
of Pkd1 gene disruption. Kim-1 encodes a membrane protein, which is up-regulated 
in proliferating and dedifferentiated tubular cells after renal ischemia (25). Kim-1 is 
postulated to be a potential biomarker for ADPKD progression (15, 39). Our data 
further support this notion, especially when considering ADPKD in a pre-cystic stage.  
The underlying cause of the impaired renal Mg2+ and Ca2+ handling observed 
in iKsp-Pkd1-/- mice is likely the decreased renal gene expression of Cldn16, Kcnj1 
and Slc12a1, key genes for paracellular Mg2+ and Ca2+ transport in the TAL; of Trpm6, 
Slc12a3 and Cnnm2, relevant genes for transcellular Mg2+ reabsorption in the DCT; 
and Calb1, Slc8a1 and Atp2b4, genes coding the players that facilitate transcellular 
Ca2+ reabsorption in the CNT. Some of these genes, i.e. Cldn16, Slc12a1 and Slc12a3, 
encode proteins that are also involved in Na+ reabsorption and thus might evoke 
aberrant renal Na+ transport in iKsp-Pkd1-/- mice. Therefore, renal PC1 dysfunction 
seems to predominantly affect TAL, DCT and CNT of the nephron, eliciting aberrant 
gene expression of regulators of Mg2+, Ca2+ and Na+ transport in these segments. In 
contrast with serum Na+ levels, the concentration of Ca2+ and Mg2+ in serum is 
influenced by renal Mg2+ and Ca2+ transport (8). Thus, the decreased expression of 
genes relevant for Mg2+ and Ca2+ in the TAL, DCT and CNT, can explain the lower 
serum Mg2+ and Ca2+ concentrations observed in iKsp-Pkd1-/- mice compared to 
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controls. In addition, a compensatory mechanism for the renal Ca2+ leak was detected 
in the duodenum of iKsp-Pkd1-/- mice as an increased mRNA expression of Trpv6 was 
observed in this segment of the intestine in comparison with control mice. The same 
phenomenon was observed in wild-type mice on a low Ca2+ diet in a previous study 
(53). 
Conspicuously, in correlation with the decreased expression of key genes for 
electrolyte reabsorption in the kidney, a lower gene expression of TAL (Umod) and 
DCT (Pvalb) segment markers was observed in iKsp-Pkd1-/- compared to control mice, 
pointing to a potential remodeling of TAL and DCT segments evoked by renal PC1 
dysfunction. This finding is supported by the decreased expression of Prom2, a marker 
for TAL, DCT, CNT and CD, whereas the expression of Prom1, a marker for PT, was 
not decreased in iKsp-Pkd1-/- mice when compared to control mice. While remodeling 
events, eventually leading to cyst formation, are clearly intertwined with ADPKD (5, 
34), this study is the first to show that remodeling due to PC1 dysfunction in a pre-
cystic context results in broad electrolyte imbalances. The association of the 
electrolyte imbalances in iKsp-Pkd1-/- mice with remodeling events in the kidney is 
congruent with the de-differentiation and persistent cell proliferation already reported 
for altered PC1 expression in kidneys (22, 29). 
In conclusion, we have demonstrated that dysfunction of PC1 impairs renal 
Mg2+, Ca2+ and water reabsorption in pre-cystic kidneys leading to serum Mg2+ and 
Ca2+ levels. These electrolyte disturbances preceding cyst formation observed in our 
model provide novel insights into PC1 function (Table 3). More research is required to 
disclose whether the electrolyte disturbances shown in this study might serve as early 
biomarkers of disease progression in ADPKD and/or might aid the development of 
treatment options in this early stage of the disease. 
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Introduction: urinary fluid flow in the kidney 
Normal kidney function requires that the fluid flow through the glomerulus and 
tubules is kept within a physiological range of 5 to 15 nl/min (0.05 – 1 dyn/cm2) 
(1-3). When tubular flow rate falls outside of this range as a result of volume 
expansion, osmotic diuresis, diuretic administration or kidney damage, the 
ability of the nephron to maintain electrolyte, water and acid-base balance may 
be compromised (4, 5). Renal cells are equipped with mechanosensory 
component(s) that enable them to sense the mechanical stress produced by 
changes in urinary flow rate triggering intracellular signaling pathways. These 
signaling pathways allow renal tubular epithelia to adapt relevant functions, 
such as reabsorption and secretion of salt and water, to the altered flow rate. 
Putative mechanosensory components present in renal cells include 
primary cilia, microvilli, glycocalyx, cytoskeleton, integrin signaling, and several 
transmembrane ion channels (6, 7) (Fig. 1). Some of the features are specific 
for certain cell types. For instance, microvilli are restricted to the proximal 
tubular epithelium. Also, unlike other renal cells, intercalated cells lack primary 
cilia. More recently, primary cilia, the organelles projecting from the apical 
membrane of most cells (Fig. 1), has been proposed as the major 
mechanosensors in renal cells (8). They play an important physiological role, 
as dysfunctional cilia due to mutations in genes encoding proteins involved in 
ciliary function cause a wide range of disorders, amongst which are the cystic 
kidney diseases polycystic kidney disease (PKD) and nephronophthisis 
(NPHP)  (9).  
One of the primary functions of the kidney is to maintain plasma 
electrolyte levels within the physiological range. Plasma calcium (Ca2+) 
concentration is tightly controlled by renal reabsorption from the traversing 
tubular fluid prior to urine excretion. Ca2+ plays a key role in a myriad of 
physiological processes, predominantly as a second messenger transmitting 
signals between the plasma membrane and the intracellular machinery. 
Excessive Ca2+ excretion or reabsorption leads to neural excitability 
impairments, cardiac arrhythmias, and bone malformation, among others. 
Therefore, it is imperative to understand how renal Ca2+ handling is regulated, 
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more so, how do renal cells adapt to differences in tubular flow rate and Ca2+ 
load and respond to the body’s demand.  
 
 
 
Figure 1. Overview of putative mechanosensors in renal cells. A variety of cellular 
components that are suggested to act as mechanosensors are depicted in a renal 
epithelial cell. These are primary cilia, microvilli, glycocalyx, mechanosensitive ion 
channels, actin cytoskeleton and adherens junctions.  
Flow: a new stimulus regulating Ca2+ reabsorption  
In the kidney, Ca2+ is reabsorbed along the nephron through passive and active 
transport processes. While passive Ca2+ transport takes place through the 
paracellular space in the proximal tubule (PT) and thick ascending limb of 
Henle’s loop (TAL), active transcellular Ca2+ transport occurs in the late distal 
convoluted tubule and connecting tubule (DCT/CNT). Transcellular Ca2+ 
transport in the DCT/CNT is the fine-tuning step that defines the final amount 
of Ca2+ excreted in the urine (10). Thus, Ca2+ reabsorption is tightly regulated 
in this section (DCT/CNT) of the nephron. As such, it is essential to identify 
factors, including fluid flow, that may contribute to the regulation of Ca2+ 
reabsorption. 
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The rate-limiting step in renal active Ca2+ reabsorption is the apical entry 
of Ca2+ into the cell by the transient receptor potential vanilloid type 5 (TRPV5) 
channel. Regulation of TRPV5 activity can occur at the transcriptional level, by 
adapting TRPV5 mRNA levels, but also by modulation of TRPV5 trafficking to 
the plasma membrane, and/or alteration of its channel activity (11). Studies 
over the past two decades have provided valuable information on the regulation 
of TRPV5-mediated Ca2+ reabsorption by hormones such as parathyroid (PTH), 
calcitriol (1,25-dihydroxy vitamin D3), estrogen and klotho (12, 13). For instance, 
van Abel et al. (14) and de Groot et al. (15) demonstrated that PTH enhances 
TRPV5 activity by increasing its protein expression on the plasma membrane. 
Another study by Hoenderop et al. showed that rats depleted of vitamin D3 
suffer from hypocalcemia and decreased-TRPV5 mRNA expression, which 
were completely restored after calcitriol supplementation (12). In the same way, 
dietary Ca2+ and estrogen alter TRPV5 gene expression (13, 16) to regulate 
Ca2+ reabsorption in the DCT/CNT segment. Thus, despite the number of 
studies investigating the regulation of TRPV5, there has been little 
advancement, if any, in the potential mechanical regulation of TRPV5 channel 
activity and gene expression. In Chapter 3 and 4, the effect of fluid flow in 
regulating TRPV5-mediated Ca2+ transport was studied.  
Exposure of polarized mouse primary DCT/CNT cultures to fluid shear 
stress (FSS), generated by fluid flow, enhanced TRPV5-mediated Ca2+ 
transport as demonstrated in Chapter 3. It also resulted in upregulation of 
TRPV5 and NCX1 gene expression. Thus, FSS regulates Ca2+ reabsorption in 
DCT/CNT by modulating the gene expression of TRPV5 and NCX1 
independent of calcitriol (Fig. 2). Downregulation of calbindin-D28K (a calcitriol-
sensitive protein, that acts as a buffer or carrier of Ca2+ to the basolateral side 
for extrusion), observed in sheared DCT/CNT cultures further supports this 
notion. It also suggests that TRPV5 (and NCX1) play a more rate-limiting role 
than calbindin-D28k in the regulation of transcellular Ca2+ transport in the kidney.  
FSS has been linked to other Ca2+ permeable TRP channels expressed 
in DCT/CNT, namely polycystin-2 (PC2) and TRPV4 (17-19). PC2 is a non-
selective cation channel with permeability to Ca2+, potassium (K+) and sodium 
(Na+). Similarly, TRPV4 interacts with PC2 to form a Ca2+ channel complex that 
is sensitive to FSS (20, 21). However, based on the knowledge so far both PC2 
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and TRPV4 contribute to Ca2+-mediated intracellular signaling rather than to 
Ca2+ reabsorption in DCT/CNT (22). Moreover, a recent study reported that the 
permeability of PC2 to Ca2+ is low compared to K+ and Na+ (23). Therefore, 
alterations observed in Ca2+ reabsorption in this segment are ascribed to 
TRPV5 (10, 24). To further strengthen this assumption, IMCD3 cell lines were 
generated stably expressing TRPV5 and were exposed to fluid flow (Chapter 
4). Unlike TRPV5, PC2 and TRPV4 channels are highly expressed in IMCD3 
cells (17, 25). When IMCD3 cells (lacking TRPV5) were exposed to FSS, no 
effect on Ca2+ uptake was observed, whereas IMCD3 stably expressing TRPV5 
showed a significant increase in Ca2+ uptake after exposure to FSS indicating 
that neither PC2 nor TRPV4 was responsible for the FSS-dependent rise of 
Ca2+ uptake.   
 
 
Figure 2. Regulation of TRPV5-mediated Ca2+ transport in the DCT/CNT. 
Transcellular Ca2+ transport is a three-step process with apical entry of Ca2+ from the 
lumen into the cell mediated by the TRPV5 channel; subsequently, Ca2+ is carried by 
a cytosolic protein, calbindin-D28k, to the basolateral side to be extruded to the blood 
compartment by the Na+-Ca2+ exchanger, NCX1, and the ATP-dependent Ca2+-
ATPase, PMCA4a (26-28). PTH stimulates TRPV5 protein expression on the plasma 
membrane, while FSS generated by flow and calcitriol upregulated TRPV5 and NCX1 
mRNA expression; all result in increasing transcellular Ca2+ transport. 
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Another factor that might play a role in the biomechanical regulation of 
TRPV5 is the type of fluid flow the cells are exposed to. The nature of urinary 
flow in the distal region of the nephron is as-yet poorly defined. Moreover, 
based on the differences in tubular size and structure between the different 
segments of the nephron, Shabanikia et al. hypothesized that the laminar 
pulsatile urinary flow has the tendency to be turbulent when passing from the 
thin descending to the thick ascending loop of Henle’s (29). In this regard, the 
question was raised whether different fluid flow modes, unidirectional pulsatile 
or oscillatory, trigger different regulatory mechanisms of TRPV5. In Chapter 4, 
this hypothesis was examined using IMCD3 cell lines stably expressing TRPV5. 
Interestingly, Ca2+ uptake was enhanced only in cells exposed to unidirectional 
pulsatile fluid flow, but not to oscillatory fluid flow. This result implies that distinct 
signaling pathways regulate TRPV5 depending on the type of mechanical 
forces applied to the cell.  
These in vitro studies (Chapter 3 and 4) thus far unravel a new stimulus 
–fluid flow– to regulate TRPV5-mediated Ca2+ transport. Extending our study 
to in vivo models, in Chapter 5, we assessed renal electrolyte handling in 
inducible kidney-specific Pkd1 (encoding polycystin-1, PC1) knockout mice at 
their pre-cystic stage. PC1, a plasma membrane protein, has long been 
assumed to function as a mechanosensor of the cell (22, 30). Its dysfunction, 
therefore, may impair the ability of renal epithelial cells to sense urine flow 
thereby adjust its electrolyte reabsorption capacity. These mice with deleted 
Pkd1 (knockout) in the kidney exhibit lower serum Ca2+ level compared with 
control mice (wildtype Pkd1). This result suggests that PC1 as the potential 
sensor of fluid flow regulates renal Ca2+ reabsorption; however, it remains to be 
elucidated whether this Ca2+ reabsorption is mediated by TRPV5 or other 
channels.  
Flow sensing in the collecting duct of the nephron 
The collecting duct (CD), more specifically the principal cell, is a crucial 
segment for salt and water reabsorption, as it comprises two major channels: 
the epithelial sodium channel (ENaC) and the water channel aquaporin 2 
(AQP2). Moreover, ATP-dependent potassium channel (ROMK) and the Ca2+-
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activated Maxi K+ channel (BK) are responsible for K+ secretion in this segment 
(31, 32). In our RNA-seq study (Chapter 2), IMCD3 cells exhibit profound 
transcriptional changes upon exposure to FSS. Enrichment analysis further 
demonstrated that these flow-sensitive genes were categorized into various 
pathways (Fig. 3, Chapter 2), including those coupled to Na+, K+ and water 
reabsorption. Numerous studies by Satlin et al., and subsequently by other 
research groups, demonstrated that sodium (Na+) reabsorption facilitated by 
ENaC is significantly enhanced by fluid flow in microperfused isolated CD 
systems (33-35). Conversely, other studies showed contradictory results, 
where fluid flow-mediated stimulation of purinergic signaling by ATP lead to 
inhibition of Na+ reabsorption by ENaC (36-40). Taken together, FSS has been 
described as a stimulus that can trigger both activation and inhibition of Na+ 
transport; the latter may play a protective role during salt loading (41). 
Furthermore, fluid flow in the CD has been shown to increase K+ secretion by 
the BK channel (34).  
The pathways enriched by FSS-upregulated genes include, but are not 
limited to, mitogen-activated protein kinase (MAPK), tumor necrosis factor 
(TNF), and transforming growth factor-β (TGF-β) signaling pathways. This was 
in line with earlier studies investigating FSS transduced cellular downstream 
signaling pathways in the renal epithelia (5, 42-44). For example, two studies 
by Flores et al. (45) and Carrisoza-Gaytan et al. (5) showed that FSS affects 
the MAPK pathway in IMCD3 and mpkCCD cells. The alteration of this pathway, 
along with the TGF-β pathway, was also evident in sheared immortalized PT 
cells (46, 47). MAPK signaling plays a key role in a wide range of physiological 
processes (48). Among the list of genes annotated to the MAPK pathway and 
CD function were the dual-specificity phosphatases family, specifically Dusp4 
and Dusp6. DUSP6 inhibits ERK1/2 phosphorylation, leading to deactivation of 
ERK1/2-based ubiquitination of ENaC (49, 50). Therefore, the FSS-mediated 
upregulation of Dusp6 (as shown in Chapter 2) will result in a higher abundance 
of ENaC at the plasma membrane; this may account for elevated Na+ 
reabsorption upon flow. Other FSS-upregulated genes (proteins) that have 
been previously reported to be involved in the regulation of ENaC are Plau and 
Serpine1. PLAU and SERPINE1 act oppositely on the regulation of ENaC. 
While PLAU enhances ENaC activity by activating plasminogen (51), 
  General discussion and summary 	
	 155 
SERPINE1 does the reverse. However, this plasmin-based regulation of ENaC 
does not occur in normal conditions, since plasminogen is not filtered by the 
glomerulus to be available in the tubular lumen (52).    
Another significant function of the CD comprises water reabsorption by 
AQP channels. A previous study by Jang et al. (53) has demonstrated that FSS 
results in high plasma membrane abundance of AQP2 in rat primary IMCD cells. 
One of the mechanisms suggested encompasses a FSS-evoked cytoskeleton 
reorganization. AQP2 trafficking is also known to be regulated by other factors, 
such as interaction with heat shock proteins (54, 55). Heat shock proteins, 
which are present in all cells, are induced by several environmental stresses, 
such as heat shock, hypoxia, and pH shift (56). Similarly, in our study (Chapter 
2), fluid flow significantly increased the mRNA levels of heat shock proteins 70 
(Hspa1a and Hspa1b) in IMCD3 cells independent of sensing by primary cilia. 
This finding may constitute a potential mechanism by which fluid flow sensing 
results in increased AQP2 membrane abundance.  
In addition to ion handling, FSS in renal tubular epithelial cells influences 
several renal cell properties and functions, such as differentiation, cytoskeletal 
remodelling, cell polarization, endocytosis, autophagy, protein and glucose 
uptake (44, 57-60). Furthermore, these cellular processes were highly enriched 
by FSS-sensitive genes as described in Chapter 2. The majority of the FSS 
altered genes were related to the cell cycle. This may highlight the effect of FSS 
on cell differentiation and polarization processes. 
Pathway analysis of FSS-sensitive genes further revealed a correlation 
of genes to focal adhesion, actin cytoskeleton and tight junction processes. 
These processes are involved in cell-cell or cell-matrix interactions; also, focal 
adhesions and actin cytoskeleton are putative mechanosensory components of 
the cell. Therefore, the upregulation of this subset of genes by FSS implies that 
cells undergo remodeling of their epithelial junction proteins in response to FSS. 
Conversely, most genes whose expression was downregulated by FSS 
were annotated to metabolic pathways (such as tryptophan and butanoate 
metabolism), among others. Limited information is available about the 
regulation of metabolic processes by FSS.  
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Regulation of electrolyte reabsorption by primary cilia 
By now it is well established that cells have the uncanny ability to sense and 
respond to their microenvironment, including fluid flow. However, studies are 
ongoing to fully elucidate the mechanism(s) by which FSS on the apical surface 
of the cell is transduced into intracellular processes resulting in, for instance, 
ion channel activation and cytoskeleton reorganization. The organelle that has 
recently emerged to act as the main mechanosensor in many tissue types 
including the renal epithelia is the primary cilium.  
Primary cilia are antenna-like structures protruding from the apical 
surface of cells. It was in 1997 that Schwartz et al. (61) first suggested the role 
of primary cilium as a mechanosensor. Subsequently, Praetorius and Spring 
(62) demonstrated that bending primary cilia of Madin-Darby canine kidney 
(MDCK) cells, by direct mechanical manipulation or increasing apical fluid flow, 
increase intracellular Ca2+ concentration. The formation of PC1 (a fluid flow 
sensor) and PC2 (a long presumed Ca2+ permeable channel) complex, located 
in the ciliary membrane, were later found to confer the initial Ca2+ entry into the 
cell upon primary cilia bending (22). This long proposed mechanosensory role 
of PC1, however, has been recently questioned based on the findings from 
Delling et al. (63). By using high-resolution imaging and genetically encoded 
Ca2+ sensors, Delling and his colleagues demonstrated that the Ca2+ rise 
evoked by fluid flow does not originate from the primary cilium. Instead, it 
initiates from other sites of the cell and later propagates into the cilium. PC2 in 
its turn was very recently found to be a subunit of, primarily, a monovalent 
cation channel in the cilia of the renal collecting duct epithelium, relatively 
selective for K+ and Na+, and with comparatively little Ca2+ permeation (23). 
Nevertheless, these seminal findings of primary cilia function prompted us and 
other researchers (40, 44, 64-67) to further investigate the role of primary cilia 
in other flow-dependent cellular responses including renal electrolyte 
reabsorption.  
 
Role of primary cilia in renal Ca2+ and magnesium reabsorption   
In Chapter 3, we examined whether the observed FSS mediated effects on 
Ca2+ transport and calciotropic gene expressions are dependent on the 
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presence of primary cilia, thus potentially on their mechanosensory capacity. 
DCT/CNT cells were deciliated using a chemical agent, chloral hydrate (CH). 
The removal of primary cilia diminished the Ca2+ transport in both static and 
sheared DCT/CNT cultures, but the FSS-induced increase of Ca2+ transport 
remained intact (Fig. 4C, Chapter 3). Thus, the FSS sensing by primary cilium 
does not play a role in flow-mediated stimulation of transepithelial Ca2+ 
transport by TRPV5. Furthermore, deciliated DCT/CNT cultures exhibit reduced 
expression of calciotropic genes (TRPV5, NCX1, PMCA4 and calbindin-D28K) 
compared to ciliated DCT/CNT cultures. However, considering the decrease in 
both Ca2+ transport and calciotropic gene expression in deciliated DCT/CNT 
cells, the contribution of primary cilia independent of its mechanosensing 
properties, in Ca2+ reabsorption in DCT/CNT cannot be entirely excluded 
(Chapter 3).  
The impairment of the mechanosensory protein PC1 (localized in the 
ciliary membrane) in the murine kidney resulted in Ca2+ wasting followed by 
lower serum Ca2+ levels at a later stage (Chapter 5). In addition to Ca2+, PC1 
impairment also resulted in lower serum Mg2+ and Na+ concentrations. This 
suggests that PC1, and possibly primary cilia as the site of activity of PC1, may 
play an essential role in renal electrolyte reabsorption in the kidney.  
 
Role of primary cilia in renal Na+, K+ and water reabsorption   
It remains unclear whether the sensory function of primary cilia is involved in 
the signal transduction of the flow-mediated phenomena towards modulation of 
ENaC activity, ATP secretion, or BK channel stimulation. To assess this, in 
Chapter 2, the contribution of primary cilium flow sensing to gene expression 
in the renal collecting duct, a segment that is extensively studied under FSS, 
was determined by RNA sequencing. A plethora of genes was found to be 
sensitive to FSS (2673), of which only 54 genes were dependent on primary 
cilia sensing. This finding was unexpected and suggests that primary cilia, 
presumably the principal mechanosensor in the collecting duct, play only a 
relatively small role in fluid flow-dependent transcriptional regulation (54 out of 
2673 genes). This conclusion was shared by a recent study in immortalized 
murine proximal tubular epithelial cells (68), where the majority of the fluid flow 
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sensitive genes (> 1500) were independent of primary cilia sensing. 
Furthermore, Delling et al. (63) reported a similar observation that primary cilia 
are not Ca2+-responsive mechanosensors; thus, many of the functions 
classically attributed to primary cilia, e.g. left-right axis determination in 
embryonic development, were demonstrated to be primary cilia independent 
(69).     
 Screening of the 54 FSS and primary cilia sensitive genes to associated 
to Na+, K+ and water reabsorption, and further validation by real-time 
quantitative PCR revealed that the FSS-stimulated expression of Trib3 gene 
(encoding TRB3) was abolished in the absence of primary cilia. TRB3 inhibits 
protein kinase B (PKB) activation by insulin in murine diabetic kidneys (70, 71). 
Insulin is one of the hormones that enhances Na+ reabsorption at multiple 
tubular segments (72). In CD, insulin stimulates ENaC-mediated Na+ 
reabsorption via PKB or SGK1 (serum and glucocorticoid-inducible) kinase 
pathways (73, 74). It can, therefore, be assumed that the increase in Trib3 gene 
(possibly also protein) expression leads to decreased Na+ transport by 
disrupting the insulin pathway. However, it should be noted that TRB3 inhibition 
of PKB has only been observed in pathophysiological (i.e. insulin resistant) 
circumstance. In normal insulin sensitive condition, APPL1 (adaptor protein 
phosphotyrosine interacting with PH domain and leucine zipper 1) blocks TRB3 
binding to PKB and thwarts TRB3-mediated PKB inhibition (75). Thus, it is 
possible that the FSS and primary cilia-dependent upregulation of Trib3 
observed in our study does not lead to disruption of the insulin pathway and 
that ENaC activity remains unaltered. Further studies, which take these cellular 
mechanisms into account, will need to be undertaken. 
 
Role of primary cilia in renal iron handling   
A highly interesting finding emerging from our RNA-seq study is the correlation 
of the sensory function of primary cilia to renal iron handling. The kidney, like 
other organs, requires iron for a wide variety of metabolic processes. As such, 
iron deficiency or excess disturbs the function of kidney cells (76, 77). The 
majority of the iron in plasma is bound to a glycoprotein, transferrin (Tf); this 
implies that renal cells acquire most of their iron via the transferrin delivery 
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pathway. Iron reabsorption takes place largely in the proximal tubule. However, 
emerging evidence supports that iron reabsorption also occurs in the distal part 
of the nephron  (78, 79).  
Iron-bearing transferrin (Tf-iron) binds to the transferrin receptor (TfR1) 
to form a complex that is internalized into endosomes. Upon acidification, it 
facilitates the release of iron from Tf and then exported into cytosol by divalent 
metal transporter 1 (DMT-1) (77, 80). The free intracellular iron is either 
incorporated into functional proteins, stored in ferritin, or exported basolaterally 
to the plasma by ferroportin. Most cells control iron uptake by regulating the 
amount of TfR1 expressed in the plasma membrane (81). We showed that 
primary cilia sense fluid flow to regulate the expression of Tfrc (a gene encoding 
for TfR1) in the CD (Chapter 2). Hence, it can be postulated that the 
upregulation of Tfrc expression upon FSS (as sensed by primary cilia) results 
in an increased TfR1 abundance at the plasma membrane of the CD. 
Subsequently, more Tf-iron complexes will bind to TfR1 leading to an overall 
surge in iron influx in the CD. Furthermore, our RNA-seq analysis demonstrated 
that sheared cells, as compared to static ones, have higher levels of ferritin at 
the transcription level, which partly indicates an early rise in the intracellular 
iron concentration. Preliminary experiments examining the intracellular iron 
concentration in IMCD3 cells following FSS exposure showed a trend of 
increasing iron uptake in sheared cells compared to their static control (p = 
0.069) (Fig. 3). It would be interesting to determine whether this rise in 
intracellular iron in sheared cells is a result of increased membrane abundance 
of TfR1 by fluid flow.   
With respect to the physiological relevance of these findings, one can 
only speculate at this stage. It is likely that renal cells under FSS endure high 
metabolic processes to accommodate the FSS-induced events on the cell. Iron 
is essential for many metabolic processes. Thus, it is conceivable that the 
sheared cells stimulate cellular iron uptake to ensure proper functioning of the 
cell.  
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Figure 3. Intracellular iron uptake in IMCD3 cells under static condition or 
exposed to FSS. Cells were seeded in a 6-well plate and allowed to grow for 2 days 
till confluency before switching to serum-free medium. After 1-day of serum starvation, 
cells were exposed to FSS or maintained in static condition for 3 h in serum-free 
medium containing apo-transferrin and 25 µM FeCl3. Iron uptake was halted by 
addition of cold PBS. Cells were then harvested and their intracellular iron 
concentration was measured using the bathophenanthroline assay (adapted from the 
work by Torrance and Bothwell (82)).  
Clinical implications 
The clinical relevance of the biomechanical regulation of many renal tubular 
functions, including ion transport, is readily apparent. It is, therefore, not 
surprising that renal epithelial cells possess the innate ability to sense such 
biomechanical forces. Conspicuously, the absence of biomechanical cues or 
dysfunction of cells’ mechanosensory capacity can lead to several kidney 
diseases. For example, mutations in PKD1 and PKD2 explain 85% and 15% of 
autosomal dominant polycystic kidney disease (ADPKD) cases, respectively 
(83-86). PKD is characterized by multiple cyst formations in the renal tubular 
segments, which impairs kidney function culminating in end-stage renal 
disease (83, 87-89). Renal tubular flow, hence FSS, can be altered by tubular 
dilation, obstruction and hyperfiltration caused by cyst formation (90-92). Shear 
stress outside the physiological range (that is pathological) may negatively alter 
renal electrolyte handling, such as Ca2+. We discovered that FSS regulates 
TRPV5-mediated Ca2+ transport in DCT/CNT; thus it is possible to assume that 
pathological FSS can lead to Ca2+-related disorders. This assumption is 
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emphasized by the characterization of the kidney-specific Pkd1-/- mouse model, 
where at the pre-cystic stage they exhibit systemic electrolyte disturbances 
including reduced serum Mg2+, Ca2+, Na+ and phosphate levels. These early 
disturbances may contribute to the cyst formation as the disease progresses. 
 Mutations in proteins required for ciliogenesis, IFT140 and DYNC2H1, 
have been associated with Jeune asphyxiating thoracic dystrophy (JATD) (93, 
94). Patients with IFT140 mutations present a severe early cystic kidney 
phenotype unlike those with DYNC2H1 mutations, that present severe skeletal 
(but no renal) abnormalities (93, 94). The in vitro study of Ift140 or Dync2h1 
knockout (KO) IMCD3 cells (lacking primary cilia) in static and FSS conditions, 
(described in Chapter 2) revealed genes that are distinctly regulated by Ift140 
or Dync2h1. These different sets of genes and their corresponding biological 
pathway(s) could contribute to the difference in phenotypes observed in 
patients with IFT140 or DYNC2H1 mutations and thus warrant future 
investigation.  
 Clinical data supporting regulation of renal iron handling by primary cilia 
sensing of FSS is scant. One study by Veeramuthumari et al., however, 
reported that patients with autosomal dominant polycystic kidney disease, 
manifest low levels of serum iron concentration (95). Considering that 
polycystic kidney disease is closely associated with defects in primary cilia, this 
observation implies that primary cilia-mediated cellular iron uptake is important 
in maintaining systemic iron concentration at the physiological range.    
Impact and future perspectives  
The general aim of this thesis was to dissect the functional consequences of 
mechanosensation of urinary flow in the kidney, with a special focus on 
electrolyte handling, and determine the role of primary cilia in this process. This 
thesis describes a new stimulus – FSS – to regulate TRPV5-mediated Ca2+ 
reabsorption in the DCT/CNT segment. This regulation was uncoupled to 
sensing by primary cilia. Also, we employed a microfluidic chamber system and 
advanced molecular techniques (CRISPR/Cas9 gene editing tool and RNA-
sequencing) to reveal the transcriptome changes of CD in response FSS and 
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primary cilia sensing. Interestingly, primary cilia sensing of FSS regulate Tfrc 
(encoding TfR1, a key component of iron transport) gene expression, yet 
providing additional information about how iron handling is regulated in the 
kidney. In vivo, pre-cystic Pkd knockout mice displayed a wide range of 
electrolyte imbalances. Based on these findings and conclusions, the following 
future studies are recommended.  
With regard to FSS-sensitive genes, a broad range of biological 
pathways, such as cell cycle, metabolism, phosphorylation and kinase signaling, 
and inflammatory signaling among others were annotated. Future studies 
aiming at dissecting each pathway will provide the comprehensive picture of 
the molecular mechanisms of the mechanotransduction process. It is also 
important to understand those signaling pathways that are altered explicitly by 
primary cilia, as growing number of diseases are linked to mutations in ciliary 
genes (96). Additionally, the majority of the FSS-sensitive genes were 
independent of sensing by primary cilia, suggesting the presence of other 
mechanisms by which renal cells sense and respond to flow. This notion is 
further underscored by the absence of primary cilia in intercalated cells which 
are sensitive to flow (35). It will, therefore, be worth to investigate other putative 
mechanosensory structures in the cell, namely glycocalyx, integrin signaling 
and several transmembrane ion channels. It is also interesting to examine any 
cross-talk relationship between primary cilia and the aforementioned 
mechanosensors, as Delaine-Smith et al. demonstrated the presence of 
hyaluronan (a marker of glycocalyx) surrounding the cilia membrane of bone 
cells (97). These future studies can provide further insight into the 
mechanosensory mechanisms by which FSS stimulates TRPV5-mediated Ca2+ 
transport in DCT/CNT. Furthermore, the electrolyte disturbances, observed at 
the pre-cystic stage of our PKD model, provide indispensable information 
regarding early indications of ADPKD progression. Nevertheless, additional 
work is needed to define whether these electrolyte disturbances might serve as 
early biomarkers of the disease progression and they could be used to develop 
treatment options in this early stage of the disease.  
Studies on the physiological iron handling by the kidney are still in its 
infancy. Moreover, the unsuspected distinctive role of primary cilia in the 
regulation of Tfrc gene expression entails more clinical experimental studies. 
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Screening patients with dysfunctional primary cilia for serum and urinary iron 
content could provide more information on the clinical relevance of these 
pioneering findings (i.e. the primary cilium regulates Tfrc expression upon flow 
sensing) presented in this thesis.   
To date, classic in vitro cell experiments include culturing cells on flat 
plates or transwells in a static microenvironment. By doing so, primary or 
immortalized kidney cells lose their characteristic in vivo phenotypes and 
functions. The significance of introducing dynamic microenvironment in cell 
culture to retain in vivo characteristics of the cells has been increasingly 
recognized, notably, in the fields of drug screening and tissue engineering (58, 
59, 98). In the recent years, numerous microfluidic systems have emerged; 
however, the challenge remains to accommodate all the in vivo renal tubular 
microenvironment components in one integrated system. Future studies could 
make use of the recently developed microfluidic ‘organ-on-a-chip’ technology 
to subject renal cell lines to the complex in vivo-like microenvironment and 
maintain most physiological functions of the cells (58, 99). The setup of the 
organ-on-a-chip system also supports the simultaneous study of renal 
transepithelial electrolyte transport upon FSS. Another approach is the use of 
3D bioprinting or organoid models in combination with the organ-on-a-chip 
system to build one integrated system to study the effects of FSS on renal cells 
in vitro. An alternative approach to microfluidic systems is the use of intravital 
two-photon microscopy (5) and genetically encoded fluorescent sensors (100, 
101) for live monitoring the effects of tubular FSS on the morphology and 
function of renal epithelial cells in rodent kidneys.	 
 In conclusion, this thesis describes new functions of FSS, as a 
mechanical stimulus; and primary cilia, as a mechanosensor, in renal tubular 
epithelial cells. Mechanobiology as a tool to control living cells holds much 
promise for next-generation in vitro experimentation that will help devise new 
therapies. Creative advances in science and technology will undoubtedly propel 
this area of research in the near future.  
  
Chapter 6 
 
	164 
References 
1. Weinbaum, S., Duan, Y., Satlin, L. M., Wang, T., and Weinstein, A. M. 
(2010) Mechanotransduction in the renal tubule. Am J Physiol Renal 
Physiol. 299, F1220–F1236 
2. Mills, J. N. (1951) Diurnal rhythm in urine flow. J Physiol.  113, 528–536 
3. Sirota, J. H., Baldwin, D. S., and Villarreal, H. (1950) Diurnal variations 
of renal function in man. J Clin Invest  29, 187–192 
4. Fitzgibbons, J. P., Gennari, F. J., Garfinkel, H. B., and Cortell, S. (1974) 
Dependence of saline-induced natriuresis upon exposure of the kidney 
to the physical effects of extracellular fluid volume expansion. J Clin 
Invest  54, 1428–1436 
5. Carrisoza-Gaytan, R., Liu, Y., Flores, D., Else, C., Lee, H. G., Rhodes, 
G., Sandoval, R. M., Kleyman, T. R., Lee, F. Y.-I., Molitoris, B., Satlin, 
L. M., and Rohatgi, R. (2014) Effects of biomechanical forces on 
signaling in the cortical collecting duct (CCD). Am J Physiol Renal 
Physiol. 307, F195–F204 
6. Weinbaum, S., Tarbell, J. M., and Damiano, E. R. (2007) The structure 
and function of the endothelial glycocalyx layer. Annu Rev Biomed Eng 
9, 121–167 
7. Rydholm, S., Zwartz, G., Kowalewski, J. M., Kamali-Zare, P., Frisk, T., 
and Brismar, H. (2010) Mechanical properties of primary cilia regulate 
the response to fluid flow. Am J Physiol Renal Physiol. 298, F1096–
F1102 
8. Liu, W., Murcia, N. S., Duan, Y., Weinbaum, S., Yoder, B. K., 
Schwiebert, E., and Satlin, L. M. (2005) Mechanoregulation of 
intracellular Ca2+ concentration is attenuated in collecting duct of 
monocilium-impaired orpk mice. Am J Physiol Renal Physiol. 289, 
F978–F988 
9. Ware, S. M., Aygun, M. G., and Hildebrandt, F. (2011) Spectrum of 
Clinical Diseases Caused By Disorders of Primary Cilia. Proceedings of 
the American Thoracic Society 8, 444–450 
10. Moor, M. B. and Bonny, O. (2016) Ways of calcium reabsorption in the 
kidney. Am J Physiol Renal Physiol. 310, F1337–F1350 
11. Abel, M., Hoenderop, J., and Bindels, R. (2005) The epithelial calcium 
channels TRPV5 and TRPV6: regulation and implications for disease. 
Naunyn Schmiedebergs Arch. Pharmacol. 371, 295–306 
12. Hoenderop, J., Müller, D., Van der Kemp, A., Hartog, A., Suzuki, M., 
Ishibashi, K., Imai, M., Sweep, F., Willems, P., Van Os, C. H., and 
Bindels, R. (2001) Calcitriol controls the epithelial calcium channel in 
kidney. J Am Soc Nephrol. 12, 1342–1349 
13. Hoenderop, J., Dardenne, O., Van Abel, M., Van der Kemp, A., Van Os, 
C. H., St-Arnaud, R., and Bindels, R. (2002) Modulation of renal Ca2+ 
transport protein genes by dietary Ca2+ and 1,25-dihydroxyvitamin D-3 
  General discussion and summary 	
	 165 
in 25-hydroxyvitamin D-3-1 alpha-hydroxylase knockout mice. FASEB 
J. 16, 1398–1406 
14. Van Abel, M., Hoenderop, J. G. J., van der Kemp, A. W. C. M., 
Friedlaender, M. M., van Leeuwen, J. P. T. M., and Bindels, R. J. M. 
(2005) Coordinated control of renal Ca(2+) transport proteins by 
parathyroid hormone. Kidney Int. 68, 1708–1721 
15. de Groot, T., Lee, K., Langeslag, M., Xi, Q., Jalink, K., Bindels, R. J. M., 
and Hoenderop, J. G. J. (2009) Parathyroid hormone activates TRPV5 
via PKA-dependent phosphorylation. J Am Soc Nephrol. 20, 1693–1704 
16. Van Abel, M., Hoenderop, J. G. J., Dardenne, O., St Arnaud, R., Van 
Os, C. H., Van Leeuwen, H. J. P. T. M., and Bindels, R. J. M. (2002) 
1,25-dihydroxyvitamin D(3)-independent stimulatory effect of estrogen 
on the expression of ECaC1 in the kidney. J Am Soc Nephrol. 13, 2102–
2109 
17. Berrout, J., Jin, M., Mamenko, M., Zaika, O., Pochynyuk, O., and O'Neil, 
R. G. (2012) Function of transient receptor potential cation channel 
subfamily V member 4 (TRPV4) as a mechanical transducer in flow-
sensitive segments of renal collecting duct system. J Biol Chem. 287, 
8782–8791 
18. Hill-Eubanks, D. C., Gonzales, A. L., Sonkusare, S. K., and Nelson, M. 
T. (2014) Vascular TRP Channels: Performing Under Pressure and 
Going with the Flow. Physiology 29, 343–360 
19. Patel, A. (2014) The Primary cilium calcium channels and their role in 
flow sensing. Pflugers Arch - Eur J Physiol 467, 1–9 
20. Köttgen, M., Buchholz, B., Garcia-Gonzalez, M. A., Kotsis, F., Fu, X., 
Doerken, M., Boehlke, C., Steffl, D., Tauber, R., Wegierski, T., Nitschke, 
R., Suzuki, M., Kramer-Zucker, A., Germino, G. G., Watnick, T., Prenen, 
J., Nilius, B., Kuehn, E. W., and Walz, G. (2008) TRPP2 and TRPV4 
form a polymodal sensory channel complex. J. Cell Biol. 182, 437–447 
21. Zhang, Z.-R., Chu, W.-F., Song, B., Gooz, M., Zhang, J.-N., Yu, C.-J., 
Jiang, S., Baldys, A., Gooz, P., Steele, S., Owsianik, G., Nilius, B., 
Komlosi, P., and Bell, P. D. (2013) TRPP2 and TRPV4 form an EGF-
activated calcium permeable channel at the apical membrane of renal 
collecting duct cells. PLoS ONE 8, e73424 
22. Nauli, S. M., Alenghat, F. J., Luo, Y., Williams, E., Vassilev, P., Li, X., 
Elia, A. E. H., Lu, W., Brown, E. M., Quinn, S. J., Ingber, D. E., and 
Zhou, J. (2003) Polycystins 1 and 2 mediate mechanosensation in the 
primary cilium of kidney cells. Nat. Genet. 33, 129–137 
23. Liu, X., Vien, T., Duan, J., Sheu, S.-H., DeCaen, P. G., and Clapham, 
D. E. (2018) Polycystin-2 is an essential ion channel subunit in the 
primary cilium of the renal collecting duct epithelium. Elife 7, E2363 
24. Bonny, O. and Edwards, A. (2013) Calcium reabsorption in the distal 
tubule: regulation by sodium, pH, and flow. Am J Physiol Renal Physiol. 
304, F585–F600 
Chapter 6 
 
	166 
25. Uawithya, P., Pisitkun, T., Ruttenberg, B. E., and Knepper, M. A. (2008) 
Transcriptional profiling of native inner medullary collecting duct cells 
from rat kidney. Physiol. Genomics 32, 229–253 
26. Lambers, T. T., Bindels, R. J. M., and Hoenderop, J. G. J. (2006) 
Coordinated control of renal Ca2+ handling. Kidney Int. 69, 650–654 
27. van der Hagen, E. A. E., Lavrijsen, M., van Zeeland, F., Praetorius, J., 
Bonny, O., Bindels, R. J. M., and Hoenderop, J. G. J. (2014) 
Coordinated regulation of TRPV5-mediated Ca(2+) transport in primary 
distal convolution cultures. Pflugers Arch - Eur J Physiol 466, 1–11 
28. Lambers, T. T., Mahieu, F., Oancea, E., Hoofd, L., de Lange, F., 
Mensenkamp, A. R., Voets, T., Nilius, B., Clapham, D. E., Hoenderop, 
J. G., and Bindels, R. J. (2006) Calbindin-D28K dynamically controls 
TRPV5-mediated Ca2+ transport. EMBO J 25, 2978–2988 
29. Shabanikia, N. (2014) Water-pumping turbulent flow in thin segments 
of the loop of Henle concentrates urine. Hypothesis 12, e3 
30. Dalagiorgou, G., Basdra, E. K., and Papavassiliou, A. G. (2010) 
Polycystin-1: function as a mechanosensor. Int. J. Biochem. Cell Biol. 
42, 1610–1613 
31. Garty, H. and Palmer, L. G. (1997) Epithelial sodium channels: function, 
structure, and regulation. Physiol Rev. 77, 359–396 
32. Meneton, P., Loffing, J., and Warnock, D. G. (2004) Sodium and 
potassium handling by the aldosterone-sensitive distal nephron: the 
pivotal role of the distal and connecting tubule. Am J Physiol Renal 
Physiol. 287, F593–F601 
33. Satlin, L. M., Sheng, S. H., Woda, C. B., and Kleyman, T. R. (2001) 
Epithelial Na+ channels are regulated by flow. Am J Physiol Renal 
Physiol. 280, F1010–F1018 
34. Woda, C. B., Bragin, A., Kleyman, T. R., and Satlin, L. M. (2001) Flow-
dependent K+ secretion in the cortical collecting duct is mediated by a 
maxi-K channel. Am J Physiol Renal Physiol. 280, F786–F793 
35. Carrisoza-Gaytan, R., Carattino, M. D., Kleyman, T. R., and Satlin, L. 
M. (2015) An unexpected journey: conceptual evolution of 
mechanoregulated potassium transport in the distal nephron. Am J. 
Physiol Cell Physiol. ajpcell.00328.2015 
36. Ma, H.-P., Li, L., Zhou, Z.-H., Eaton, D. C., and Warnock, D. G. (2002) 
ATP masks stretch activation of epithelial sodium channels in A6 distal 
nephron cells. Am J Physiol Renal Physiol. 282, F501–F505 
37. Pochynyuk, O., Bugaj, V., Rieg, T., Insel, P. A., Mironova, E., Vallon, V., 
and Stockand, J. D. (2008) Paracrine regulation of the epithelial Na+ 
channel in the mammalian collecting duct by purinergic P2Y2 receptor 
tone. J Biol Chem. 283, 36599–36607 
38. Bugaj, V., Sansom, S. C., Wen, D., Hatcher, L. I., Stockand, J. D., and 
Mironova, E. (2012) Flow-sensitive K+-coupled ATP secretion 
modulates activity of the epithelial Na+ channel in the distal nephron. J 
  General discussion and summary 	
	 167 
Biol Chem. 287, 38552–38558 
39. Jensen, M. E. J., Odgaard, E., Christensen, M. H., Praetorius, H. A., 
and Leipziger, J. (2007) Flow-induced [Ca2+]i increase depends on 
nucleotide release and subsequent purinergic signaling in the intact 
nephron. J Am Soc Nephrol. 18, 2062–2070 
40. Praetorius, H. A. and Leipziger, J. (2013) Primary cilium-dependent 
sensing of urinary flow and paracrine purinergic signaling. Semin. Cell 
Dev. Biol. 24, 3–10 
41. Pearce, D., Soundararajan, R., Trimpert, C., Kashlan, O. B., Deen, P. 
M. T., and Kohan, D. E. (2015) Collecting duct principal cell transport 
processes and their regulation. Clin J Am Soc Nephrol 10, 135–146 
42. Clement, C. A., Ajbro, K. D., Koefoed, K., Vestergaard, M. L., Veland, I. 
R., Henriques de Jesus, M. P. R., Pedersen, L. B., Benmerah, A., 
Andersen, C. Y., Larsen, L. A., and Christensen, S. T. (2013) TGF-β 
signaling is associated with endocytosis at the pocket region of the 
primary cilium. Cell Rep 3, 1806–1814 
43. Kunnen, S. J., Leonhard, W. N., Semeins, C., Hawinkels, L. J. A. C., 
Poelma, C., Dijke, Ten, P., Bakker, A., Hierck, B. P., and Peters, D. J. 
M. (2017) Fluid shear stress-induced TGF-β/ALK5 signaling in renal 
epithelial cells is modulated by MEK1/2. Cell. Mol. Life Sci. 1–16 
44. Raghavan, V., Rbaibi, Y., Pastor-Soler, N. M., Carattino, M. D., and 
Weisz, O. A. (2014) Shear stress-dependent regulation of apical 
endocytosis in renal proximal tubule cells mediated by primary cilia. 
Proc. Natl. Acad. Sci. U.S.A. 111, 8506–8511 
45. Flores, D., Battini, L., Gusella, G. L., and Rohatgi, R. (2011) Fluid shear 
stress induces renal epithelial gene expression through polycystin-2-
dependent trafficking of extracellular regulated kinase. Nephron Physiol 
117, p27–p36 
46. Grabias, B. M. and Konstantopoulos, K. (2013) Notch4-dependent 
antagonism of canonical TGF-β1 signaling defines unique temporal 
fluctuations of SMAD3 activity in sheared proximal tubular epithelial 
cells. Am J Physiol Renal Physiol. 305, F123–F133 
47. Kunnen, S. J., Leonhard, W. N., Semeins, C., Hawinkels, L. J. A. C., 
Poelma, C., Dijke, Ten, P., Bakker, A., Hierck, B. P., and Peters, D. J. 
M. (2017) Fluid shear stress-induced TGF-β/ALK5 signaling in renal 
epithelial cells is modulated by MEK1/2. Cell. Mol. Life Sci. 74, 2283–
2298 
48. Raman, M., Chen, W., and Cobb, M. H. (2007) Differential regulation 
and properties of MAPKs. Oncogene 26, 3100–3112 
49. Booth, R. E. and Stockand, J. D. (2003) Targeted degradation of ENaC 
in response to PKC activation of the ERK1/2 cascade. Am J Physiol 
Renal Physiol. 284, F938–F947 
50. Eaton, A. F., Yue, Q., Eaton, D. C., and Bao, H.-F. (2014) ENaC activity 
and expression is decreased in the lungs of protein kinase C-α knockout 
Chapter 6 
 
	168 
mice. Am. J. Physiol. Lung Cell Mol. Physiol. 307, L374–L385 
51. Passero, C. J., Mueller, G. M., Rondon-Berrios, H., Tofovic, S. P., 
Hughey, R. P., and Kleyman, T. R. (2008) Plasmin Activates Epithelial 
Na+ Channels by Cleaving the gamma Subunit. J Biol Chem. 283, 
36586–36591 
52. Svenningsen, P., Bistrup, C., Friis, U. G., Bertog, M., Haerteis, S., 
Krueger, B., Stubbe, J., Jensen, O. N., Thiesson, H. C., Uhrenholt, T. 
R., Jespersen, B., Jensen, B. L., Korbmacher, C., and Skøtt, O. (2009) 
Plasmin in nephrotic urine activates the epithelial sodium channel. J Am 
Soc Nephrol. 20, 299–310 
53. Jang, K.-J., Cho, H. S., Kang, D. H., Bae, W. G., Kwon, T.-H., and Suh, 
K.-Y. (2011) Fluid-shear-stress-induced translocation of aquaporin-2 
and reorganization of actin cytoskeleton in renal tubular epithelial cells. 
Integr. Biol. 3, 134–141 
54. Lu, H. A. J., Sun, T.-X., Matsuzaki, T., Yi, X.-H., Eswara, J., Bouley, R., 
McKee, M., and Brown, D. (2007) Heat shock protein 70 interacts with 
aquaporin-2 and regulates its trafficking. J Biol Chem. 282, 28721–
28732 
55. Park, E.-J., Lim, J.-S., Jung, H. J., Kim, E., Han, K.-H., and Kwon, T.-H. 
(2013) The role of 70-kDa heat shock protein in dDAVP-induced AQP2 
trafficking in kidney collecting duct cells. Am J Physiol Renal Physiol. 
304, F958–F971 
56. Silver, J. T. and Noble, E. G. (2012) Regulation of survival gene hsp70. 
Cell Stress Chaperones 17, 1–9 
57. Frohlich, E. M., Zhang, X., and Charest, J. L. (2012) The use of 
controlled surface topography and flow-induced shear stress to 
influence renal epithelial cell function. Integr. Biol. 4, 75–83 
58. Jang, K.-J., Mehr, A. P., Hamilton, G. A., McPartlin, L. A., Chung, S., 
Suh, K.-Y., and Ingber, D. E. (2013) Human kidney proximal tubule-on-
a-chip for drug transport and nephrotoxicity assessment. Integr. Biol. 5, 
1119 
59. Ferrell, N., Cheng, J., Miao, S., Roy, S., and Fissell, W. H. (2017) Orbital 
Shear Stress Regulates Differentiation and Barrier Function of Primary 
Renal Tubular Epithelial Cells. ASAIO J. Publish Ahead of Print, 1 
60. Orhon, I., Dupont, N., Zaidan, M., Boitez, V., Burtin, M., Schmitt, A., 
Capiod, T., Viau, A., Beau, I., Wolfgang Kuehn, E., Friedlander, G., 
Terzi, F., and Codogno, P. (2016) Primary-cilium-dependent autophagy 
controls epithelial cell volume in response to fluid flow. Nat Cell Biol 18, 
657–667 
61. Schwartz, E. A., Leonard, M. L., Bizios, R., and Bowser, S. S. (1997) 
Analysis and modeling of the primary cilium bending response to fluid 
shear. Am J Physiol. 272, F132–F138 
62. Praetorius, H. A. and Spring, K. R. (2001) Bending the MDCK cell 
primary cilium increases intracellular calcium. J Membr Biol. 184, 71–
  General discussion and summary 	
	 169 
79 
63. Delling, M., Indzhykulian, A. A., Liu, X., Li, Y., Xie, T., Corey, D. P., and 
Clapham, D. E. (2016) Primary cilia are not calcium-responsive 
mechanosensors. Nature 531, 656–660 
64. Boehlke, C., Kotsis, F., Patel, V., Braeg, S., Voelker, H., Bredt, S., Beyer, 
T., Janusch, H., Hamann, C., Gödel, M., Müller, K., Herbst, M., Hornung, 
M., Doerken, M., Köttgen, M., Nitschke, R., Igarashi, P., Walz, G., and 
Kuehn, E. W. (2010) Primary cilia regulate mTORC1 activity and cell 
size through Lkb1. Nat Cell Biol 12, 1115–1122 
65. Hoey, D. A., Kelly, D. J., and Jacobs, C. R. (2011) A role for the primary 
cilium in paracrine signaling between mechanically stimulated 
osteocytes and mesenchymal stem cells. Biochem. Biophys. Res. 
Commun. 412, 182–187 
66. Wang, L., Shen, C., Liu, H., Wang, S., Chen, X., Roman, R. J., Juncos, 
L. A., Lu, Y., Wei, J., Zhang, J., Yip, K.-P., and Liu, R. (2015) Shear 
stress blunts tubuloglomerular feedback mediated by primary cilia and 
nitric oxide at the macula densa. Am J Physiol Regul Integr Comp 
Physiol. 309, ajpregu.00173.2015–ajpregu.00173.2066 
67. Song, J., Wang, L., Fan, F., Wei, J., Zhang, J., Lu, Y., Fu, Y., Wang, S., 
Juncos, L. A., and Liu, R. (2017) Role of the Primary Cilia on the Macula 
Densa and Thick Ascending Limbs in Regulation of Sodium Excretion 
and Hemodynamics. Hypertension HYPERTENSIONAHA.117.09584 
68. Kunnen, S. J., Malas, T. B., Semeins, C. M., Bakker, A. D., and Peters, 
D. J. M. (2017) Comprehensive transcriptome analysis of fluid shear 
stress altered gene expression in renal epithelial cells. J. Cell. Physiol.  
69. Hamada, H. (2015) Role of physical forces in embryonic development. 
Semin. Cell Dev. Biol. 47-48, 88–91 
70. Du, K., Herzig, S., Kulkarni, R. N., and Montminy, M. (2003) TRB3: a 
tribbles homolog that inhibits Akt/PKB activation by insulin in liver. 
Science 300, 1574–1577 
71. Sakai, Y., Fukamachi, K., Futakuchi, M., Miyoshi, I., Tsuda, H., Suzui, 
M., and Hayashi, H. (2014) A novel transgenic mouse model carrying 
human Tribbles related protein 3 (TRB3) gene and its site specific 
phenotype. Biol. Pharm. Bull. 37, 1068–1074 
72. Satoh, N., Nakamura, M., Suzuki, M., Suzuki, A., Seki, G., and Horita, 
S. (2015) Roles of Akt and SGK1 in the Regulation of Renal Tubular 
Transport. Biomed Res Int 2015, 971697–971698 
73. Lee, I.-H., Dinudom, A., Sanchez-Perez, A., Kumar, S., and Cook, D. I. 
(2007) Akt mediates the effect of insulin on epithelial sodium channels 
by inhibiting Nedd4-2. J Biol Chem. 282, 29866–29873 
74. Tiwari, S., Nordquist, L., Halagappa, V. K. M., and Ecelbarger, C. A. 
(2007) Trafficking of ENaC subunits in response to acute insulin in 
mouse kidney. Am J Physiol Renal Physiol. 293, F178–F185 
75. Artunc, F., Schleicher, E., Weigert, C., Fritsche, A., Stefan, N., and 
Chapter 6 
 
	170 
Häring, H.-U. (2016) The impact of insulin resistance on the kidney and 
vasculature. Nat Rev Nephrol 12, 721–737 
76. Sponsel, H. T., Alfrey, A. C., Hammond, W. S., Durr, J. A., Ray, C., and 
Anderson, R. J. (1996) Effect of iron on renal tubular epithelial cells. 
Kidney Int. 50, 436–444 
77. Martines, A. M. F., Masereeuw, R., Tjalsma, H., Hoenderop, J. G., 
Wetzels, J. F. M., and Swinkels, D. W. (2013) Iron metabolism in the 
pathogenesis of iron-induced kidney injury. Nat Rev Nephrol 9, 385–
398 
78. Smith, C. P. and Thévenod, F. (2009) Iron transport and the kidney. 
Biochim. Biophys. Acta 1790, 724–730 
79. Wareing, M., Ferguson, C. J., Green, R., Riccardi, D., and Smith, C. P. 
(2000) In vivo characterization of renal iron transport in the 
anaesthetized rat. J Physiol.  524 Pt 2, 581–586 
80. Zhang, D., Meyron-Holtz, E., and Rouault, T. A. (2007) Renal iron 
metabolism: transferrin iron delivery and the role of iron regulatory 
proteins. J Am Soc Nephrol. 18, 401–406 
81. Aisen, P. (2004) Transferrin receptor 1. Int. J. Biochem. Cell Biol. 36, 
2137–2143 
82. Torrance, J. D. and Bothwell, T. H. (1968) A simple technique for 
measuring storage iron concentrations in formalinised liver samples. S 
Afr J Med Sci 33, 9–11 
83. Ong, A. C. M., Devuyst, O., Knebelmann, B., Walz, G., ERA-EDTA 
Working Group for Inherited Kidney Diseases. (2015) Autosomal 
dominant polycystic kidney disease: the changing face of clinical 
management. Lancet 385, 1993–2002 
84. Li, X., Saternos, H. C., and Aboualaiwi, W. A. (2015) Implications of 
Dysfunction of Mechanosensory Cilia in Polycystic Kidney Disease. 
Polycystic Kidney Disease 397–421 
85. Heyer, C. M., Sundsbak, J. L., Abebe, K. Z., Chapman, A. B., Torres, V. 
E., Grantham, J. J., Bae, K. T., Schrier, R. W., Perrone, R. D., Braun, 
W. E., Steinman, T. I., Mrug, M., Yu, A. S. L., Brosnahan, G., Hopp, K., 
Irazabal, M. V., Bennett, W. M., Flessner, M. F., Moore, C. G., Landsittel, 
D., Harris, P. C., HALT PKD and CRISP Investigators. (2016) Predicted 
Mutation Strength of Nontruncating PKD1 Mutations Aids Genotype-
Phenotype Correlations in Autosomal Dominant Polycystic Kidney 
Disease. J Am Soc Nephrol. 27, 2872–2884 
86. Ma, M., Gallagher, A.-R., and Somlo, S. (2017) Ciliary Mechanisms of 
Cyst Formation in Polycystic Kidney Disease. Cold Spring Harb 
Perspect Biol 9, a028209 
87. Calvet, J. P. and Grantham, J. J. (2001) The genetics and physiology 
of polycystic kidney disease. Semin. Nephrol. 21, 107–123 
88. Wilson, P. D. (2004) Polycystic kidney disease. N. Engl. J. Med. 350, 
151–164 
  General discussion and summary 	
	 171 
89. Harris, P. C. and Torres, V. E. (2009) Polycystic kidney disease. Annu. 
Rev. Med. 60, 321–337 
90. Tanner, G. A., Gretz, N., Connors, B. A., Evan, A. P., and Steinhausen, 
M. (1996) Role of obstruction in autosomal dominant polycystic kidney 
disease in rats. Kidney Int. 50, 873–886 
91. Grantham, J. J., Mulamalla, S., and Swenson-Fields, K. I. (2011) Why 
kidneys fail in autosomal dominant polycystic kidney disease. Nat Rev 
Nephrol 7, 556–566 
92. Galarreta, C. I., Grantham, J. J., Forbes, M. S., Maser, R. L., Wallace, 
D. P., and Chevalier, R. L. (2014) Tubular obstruction leads to 
progressive proximal tubular injury and atubular glomeruli in polycystic 
kidney disease. Am. J. Pathol. 184, 1957–1966 
93. Schmidts, M., Frank, V., Eisenberger, T., Turki, Al, S., Bizet, A. A., 
Antony, D., Rix, S., Decker, C., Bachmann, N., Bald, M., Vinke, T., 
Toenshoff, B., Di Donato, N., Neuhann, T., Hartley, J. L., Maher, E. R., 
Bogdanović, R., Peco-Antić, A., Mache, C., Hurles, M. E., Joksić, I., 
Guć-Šćekić, M., Dobricic, J., Brankovic-Magic, M., Bolz, H. J., Pazour, 
G. J., Beales, P. L., Scambler, P. J., Saunier, S., Mitchison, H. M., and 
Bergmann, C. (2013) Combined NGS approaches identify mutations in 
the intraflagellar transport gene IFT140 in skeletal ciliopathies with early 
progressive kidney Disease. Hum. Mutat. 34, 714–724 
94. Schmidts, M., Arts, H. H., Bongers, E. M. H. F., Yap, Z., Oud, M. M., 
Antony, D., Duijkers, L., Emes, R. D., Stalker, J., Yntema, J.-B. L., 
Plagnol, V., Hoischen, A., Gilissen, C., Forsythe, E., Lausch, E., 
Veltman, J. A., Roeleveld, N., Superti-Furga, A., Kutkowska-
Kazmierczak, A., Kamsteeg, E.-J., Elçioğlu, N., van Maarle, M. C., 
Graul-Neumann, L. M., Devriendt, K., Smithson, S. F., Wellesley, D., 
Verbeek, N. E., Hennekam, R. C. M., Kayserili, H., Scambler, P. J., 
Beales, P. L., UK10K, Knoers, N. V., Roepman, R., and Mitchison, H. 
M. (2013) Exome sequencing identifies DYNC2H1 mutations as a 
common cause of asphyxiating thoracic dystrophy (Jeune syndrome) 
without major polydactyly, renal or retinal involvement. J Med Genet. 50, 
309–323 
95. Veeramuthumari, P. and Isabel, W. (2013) Clinical Study on Autosomal 
Dominant Polycystic Kidney Disease among South Indians. Int J Clin 
Med. 4, 200–204 
96. Reiter, J. F. and Leroux, M. R. (2017) Genes and molecular pathways 
underpinning ciliopathies. Nat. Rev. Mol. Cell Biol. 18, 533–547 
97. Delaine-Smith, R. M., Sittichokechaiwut, A., and Reilly, G. C. (2014) 
Primary cilia respond to fluid shear stress and mediate flow-induced 
calcium deposition in osteoblasts. FASEB J. 28, 430–439 
98. Jang, K.-J. and Suh, K.-Y. (2010) A multi-layer microfluidic device for 
efficient culture and analysis of renal tubular cells. Lab Chip 10, 36–42 
99. Wilmer, M. J., Ng, C. P., Lanz, H. L., Vulto, P., Suter-Dick, L., and 
Chapter 6 
 
	172 
Masereeuw, R. (2016) Kidney-on-a-Chip Technology for Drug-Induced 
Nephrotoxicity Screening. Trends Biotechnol. 34, 156–170 
100. DeCaen, P. G., Delling, M., Vien, T. N., and Clapham, D. E. (2013) 
Direct recording and molecular identification of the calcium channel of 
primary cilia. Nature 504, 315–318 
101. Su, S., Phua, S. C., DeRose, R., Chiba, S., Narita, K., Kalugin, P. N., 
Katada, T., Kontani, K., Takeda, S., and Inoue, T. (2013) Genetically 
encoded calcium indicator illuminates calcium dynamics in primary cilia. 
Nat. Methods 10, 1105–1107 
 
  
  General discussion and summary 	
	 173 
  
Bikes in Keren
Asmara Cathedral ©David Stanley
Nederlandse samenvatting
Chapter 7
 
  Nederlandse samenvatting  	
	 177 
Introductie: stroming van voorurine in de nier 
De nier is een complex orgaan dat verantwoordelijk is voor het in stand 
houden de van mineraal, water en zuur-base balansen; uitscheiding van 
hormonen; en eliminatie van schadelijke metabolische afvalproducten. De 
nieren ontvangen 20-25% van al het bloed dat het hart wegpompt. Ze 
produceren ~ 150 liter voorurine per dag, waarvan uiteindelijk maar ~ 1.5 liter 
urine wordt. Het nefron, het functionele gedeelte van de nier, bestaat uit een 
aantal segmenten, welke samen bijdragen aan de functie van de nieren. Voor 
het normaal functioneren van de nier is het belangrijk dat de snelheid van de 
voorurine stroming door de nierbuisjes in het fysiologische bereik tussen 5 en 
15 nl/min (0.05 - 1 dyn/cm2) valt. Wanneer de snelheid van de voorurine 
stroming buiten dit bereik valt, als gevolg van volume toename, osmotische 
diurese, diuretica toediening of nier schade, dan zal de functie van het nefron, 
het behouden van mineraal, water en zuur-base balansen, mogelijk worden 
aangetast. Niercellen zijn uitgerust met mechanosensorische componenten, 
zoals primaire cilia, die de detectie van mechanische stress mogelijk maken. 
De mechanische stress wordt geproduceerd door veranderingen in 
stroomsnelheid van voorurine en beïnvloedt intracellulaire 
signaleringscascades. Deze signaleringscascades maken het mogelijk voor 
nierbuisjes om zich aan te passen aan de situatie, zoals het stimuleren van 
heropname en uitscheiding van zouten en water, om de stroomsnelheid te 
veranderen. Primaire cilia spelen een belangrijke fysiologische rol, waardoor 
niet goed werkende cilia een breed scala aan ziektes veroorzaken, waaronder 
polycysteuze nierziektes (PKD, polycystic kidney disease) en nefronoftise 
(NPHP, nephronophthisis). In dit proefschrift is geprobeerd de functionele 
consequenties te begrijpen als gevolg van een voorurine stroming, met een 
speciale focus op mineraal en zout balansen en de functie van primaire cilia in 
dit proces.  
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Vloeistof stroming: een nieuwe prikkel die Ca2+ heropname 
reguleert  
De plasma calcium (Ca2+) concentratie is strikt gecontroleerd door de 
nier door middel van heropname van Ca2+ uit de voorurine voordat deze via 
de urine het lichaam verlaat.  Ca2+ speelt een belangrijke rol in een ontelbaar 
aantal aan fysiologische processen, voornamelijk als een boodschapper 
welke signalen doorgeeft tussen het plasmamembraan en de intracellulaire 
machinerie. Extreme Ca2+ uitscheiding of heropname leidt onder andere tot 
verslechtering van neurale prikkelbaarheid, hartritmestoornissen en 
botmisvorming. In de nier vindt actieve Ca2+ transport in het einde van de 
distale nierbuisjes (DCT/CNT) plaats. Dit actieve Ca2+ transport is de laatste 
stap in het bepalen van de uiteindelijke hoeveelheid Ca2+ die uitgescheiden 
wordt via de urine. De snelheids-bepalende stap in actieve Ca2+ heropname is 
de apicale binnenkomst van Ca2+ in de cel via het transient receptor potential 
vanilloid type 5 (TRPV5) kanaal. Studies van de afgelopen twee decennia 
hebben waardevolle informatie opgeleverd over de regulatie van TRPV5-
gemedieerde Ca2+ heropname door hormonen zoals parathyreoïd (PTH), 
calcitriol (1,25-dihydroxy vitamine D3), oestrogeen en klotho. Echter is er 
weinig bekend, als het er al is, over de mogelijke mechanische regulatie van 
het TRPV5 kanaal.  
In hoofdstuk 3 en 4 is het effect van de vloeistof stroming op de 
regulatie van TRPV5-gemedieerde Ca2+ transport bestudeerd. Blootstelling 
van gepolariseerde muis primaire DCT/CNT cellen aan spanning ten gevolge 
van de vloeistof stroming (fluid shear stress, FSS), verhoogde het TRPV5-
gemedieerde Ca2+ transport, zoals aangetoond in hoofdstuk 3. Het 
veroorzaakt ook een toename in genexpressie van TRPV5 en NCX1. Dus 
FSS reguleert Ca2+ reabsorptie in DCT/CNT door het moduleren van 
genexpressie van TRPV5 en NCX1 onafhankelijk van calcitriol. Daarnaast is 
het Ca2+ transport in beide condities, met en zonder FSS, verminderd 
wanneer de primaire cilia niet aanwezig zijn, waarbij de FSS-geïnduceerde 
toename van Ca2+ transport onveranderd blijft (Fig. 4C, hoofdstuk 3). Deze 
resultaten tonen aan dat DCT en CNT segmenten FSS transleren in een 
fysiologische respons welke resulteert in een verhoogde Ca2+ reabsorptie. 
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Bovendien hebben primaire cilia invloed op transepitheel Ca2+ transport in 
DCT/CNT. Maar toch is dit proces niet uitsluitende gekoppeld aan detectie 
van de vloeistof stroming door deze organellen.  
Een andere factor dat misschien een rol speelt in de biomechanische 
regulatie van TRPV5 is het type vloeistof stroming waar de cellen aan worden 
blootgesteld. Waarbij de vraag werd gesteld, of verschillende manieren voor 
het toedienen van vloeistof stroming, unidirectioneel pulserend of oscillerend, 
verschillende regulatie mechanismes van TRPV5 in gang zetten. In 
hoofdstuk 4 is deze hypothese getest met IMCD3 cellijnen welke TRPV5 
stabiel tot expressie brengen. Ca2+ opname is alleen toegenomen in cellen die 
blootgesteld waren aan unidirectioneel pulserende vloeistofstroom, maar niet 
aan oscillerende vloeistofstroom. Dit resultaat impliceert dat verschillende 
signaalcascades TRPV5 reguleren, afhankelijk van het type mechanische 
kracht toegediend aan de cel.  
Deze in vitro studies (hoofdstuk 3 en 4) tot nu toe ontrafelen een 
nieuwe stimulus – vloeistof stroming – om TRPV5-gemedieerd Ca2+ transport 
te reguleren. Onze studie is doorgetrokken naar in vivo modellen, in 
hoofdstuk 5, waar we elektrolyt balansen onderzoeken in induceerbare nier-
specifieke Pkd1 (coderende voor polycystin-1, PC1) knockout muizen in hun 
pre-cystische fase. PC1, een membraaneiwit, functioneert als een 
mechanosensor van de cel. Deze muizen waarbij Pkd1 verwijderd (knockout) 
is in de nier hebben een lager serum Ca2+ level vergeleken met controle 
muizen (wildtype Pkd1). Naast Ca2+ resulteert verminderende PC1 functie ook 
in lagere serum Mg2+ en Na+ concentraties. Dit suggereert dat PC1, en 
mogelijk primaire cilia waarin PC1 actief is, wellicht een essentiële rol spelen 
in elektrolyt reabsorptie in de nier.  
Detectie van voorurine stroming in de verzamelbuis van de 
nier 
De verzamelbuis (collecting duct, CD), meer specifiek de hoofdcel, is een 
cruciaal segment voor zout en water heropname, waarbij voornamelijk twee 
kanalen betrokken zijn: het epitheliale natrium kanaal (ENaC) en het 
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aquaporine 2 (AQP2) water kanaal. Verder zijn het ATP-afhankelijke kalium 
kanaal (ROMK) en het Ca2+-geactiveerde Maxi K+ kanaal (BK) 
verantwoordelijk voor K+ secretie in dit segment.  
 In hoofdstuk 2 maakt RNA-seq analyse van CD-cellen met en zonder 
cilia, welke zijn blootgesteld aan vloeistof stroming, het mogelijk om het 
vloeistof stroming gevoelige transcriptoom (2673 genen) te karakteriseren en 
om de specifieke bijdrage van primaire cilia aan dit mechanosensitieve 
mechanisme te ontrafelen. Voornamelijk de expressie van twee genen is 
gereguleerd door primaire cilia die vloeistof stroming detecteren in de CD: 
Tfrc en Trib3. Trib3 is gerelateerd aan insuline signalering, wat een potentieel 
nieuwe, door primaire cilia gereguleerde, signaalcascade is. De regulatie van 
Tfrc expressie door primaire cilia die vloeistof stroming detecteren, laat de 
eerste identificatie zien van een vermoedelijk regulatiemechanisme voor 
cellulaire ijzer opname in de nier, wat misschien invloed heeft voor 
intracellulair ijzer homeostase en/of ijzer heropname in de nier. De nier, zoals 
andere organen, heeft ijzer nodig voor veel verschillende metabolische 
processen.  
 Als toevoeging op de regulatie van ionen heeft FSS in nierbuisjes 
invloed op verschillende eigenschappen en functies van nier cellen, zoals 
differentiatie, cytoskelet hervorming, cel polarisatie, endocytose, autofagie, 
eiwit en glucose opname. Deze cellulaire processen zijn verrijkt door FSS-
gevoelige genen, zoals beschreven staat in hoofdstuk 2.  
Impact en toekomstperspectieven  
Het algemene doel van dit proefschrift was het begrijpen van de functionele 
consequenties van mechanosensatie van voorurine stroming in de nier, met 
een speciale focus of zout en mineraal balansen, en het bepalen van de rol 
van primaire cilia in deze processen. Dit proefschrift omschrijft een nieuw 
stimulans – vloeistof stroming – voor het reguleren van TRPV5-gemedieerde 
Ca2+ heropname in het DCT/CNT segment. Deze regulatie was niet 
gekoppeld aan detectie door primaire cilia. Daarbij hebben we een 
microfluïdisch kamer systeem en gevorderde moleculaire technieken 
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(CRISPR/Cas9 gen bewerking tool en RNA-sequencing) gebruikt om de 
transcriptoom veranderingen van de CD als reactie op de vloeistof stroming 
en primaire cilia detectie te onthullen. Het is interessant om te zien dat 
primaire cilia die de vloeistof stroming detecteren Trfc (coderende voor TfR1, 
een belangrijke component in ijzer transprot) genexpressie reguleren, en 
daarbij nieuwe informatie verstrekken over ijzer regulatie in de nier. In vivo – 
laten pre-cystische Pkd1 knockout muizen een verstoorde zout en mineraal 
balans zien. Gebaseerd op deze bevindingen en conclusies zijn onderstaande 
studies geadviseerd voor toekomstig onderzoek.  
 Met betrekking tot vloeistof stroming-gevoelige genen, een breed scala 
aan cellulaire processen, zoals de celcyclus, metabolisme, fosforylatie en 
kinase transductie, en ontstekings-signaaltransductieroutes waren 
geannoteerd. Toekomstige studies met het doel om deze cellulaire processen, 
met betrekking tot vloeistof stroming in nierbuisjes, te ontrafelen zullen 
bijdragen aan het veelomvattende groter geheel van de moleculaire 
mechanismes met betrekking tot het mechanotransductie proces. Het is ook 
belangrijk om signaleringsroutes die expliciet beïnvloed worden door primaire 
cilia beter te begrijpen, vooral met het groeiende aantal ziektes dat gelinkt is 
aan mutaties in cilia genen. Daarbij was de meerderheid van de vloeistof 
stroming-gevoelige genen onafhankelijk van detectie door primaire cilia. Dit 
suggereert dat de aanwezigheid van andere mechanismes in de nier die 
vloeistof stroming detecteren en daarop kunnen reageren. Dit is verder 
benadrukt door de afwezigheid van primaire cilia in intercalaire cellen, welke 
ook gevoelig zijn voor voorurine stroming. Daarom zal het zich lonen om 
onderzoek te doen naar andere mogelijke mechanosensorische structuren in 
de cel, namelijk de glycocalyx, integrine signaaltransductie en een aantal 
transmembraan ion kanalen. Het is ook interessant om te onderzoeken of er 
verbanden en connecties zijn tussen primaire cilia en de hiervoor genoemde 
mechanosensoren. Deze toekomstige studies kunnen meer inzicht geven in 
de mechanosensorische mechanismes waarbij vloeistof storming TRPV5-
gemedieerd Ca2+ transport in de DCT/CNT stimuleert. En daarbij de zout en 
mineraal balansen verstoord, zoals waargenomen in de pre-cystische fase 
van ons PKD model, welke onmisbare informatie geeft over vroege indicaties 
van ADPKD progressie. Niettemin moet er aanvullend werk worden verricht 
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om te bepalen of deze zout en mineraal verstoringen een mogelijke vroege 
biomarker van de ziekte kunnen zijn en of deze gebruikt kunnen worden voor 
het ontwikkelen van behandelings-opties in dit vroege stadium van de ziekte.  
 Studies over de fysiologie van het controleren van ijzer balansen in de 
nier zijn nog niet ver ontwikkeld. De onverwachte kenmerkende rol van 
primaire cilia in de regulatie van Tfrc genexpressie vraag naar meer klinische 
experimentele studies. Het screenen van patiënten met disfunctionerende 
primaire cilia op serum en urine ijzer gehalte, zou meer informatie kunnen 
opleveren over de klinische relevantie van deze baanbrekende bevindingen 
(bijv. de primaire cilia die Tfrc expressie reguleren tijden flow detectie) 
beschreven in dit proefschrift.  
 Vandaag de dag behoort tot de klassieke in vitro cel experimenten het 
kweken van cellen op platte platen of transwells in een statische micro-
omgeving. Wanneer dit wordt uitgevoerd met primaire of onsterfelijke nier 
cellen, verliezen deze cellen hun karakteristieke in vivo fenotypes en functies. 
De toegevoegde waarde van het introduceren van een dynamische micro-
omgeving in een celkweek om in vivo karakteristieken te behouden wordt 
steeds meer erkent, met name op het gebied van farmacologie. In de 
afgelopen jaren zijn er verschillende micro-fluïdische systemen verschenen: 
toch blijft het een uitdaging om alle in vivo nierbuis componenten te integreren 
in één systeem. Toekomstige studies kunnen gebruik maken van de recent 
ontworpen micro-fluïdische ‘orgaan-op-een-chip’ technologie, om nier cellen 
bloot te stellen aan de complexe in vivo-achtige micro-omgeving en het 
behoudt van het merendeel aan fysiologische functies van de cellen. Een 
andere manier is het gebruiken van 3D bioprinters of organoid modellen in 
combinatie met het orgaan-op-een-chip systeem, om zodoende een 
geïntegreerd systeem te bouwen om in vitro onderzoek te doen naar de 
effecten van vloeistof stroming op nier cellen. Een alternatieve manier van 
micro-fluïdische systemen is het gebruik van intra-vitale twee-foton 
microscopie en genetisch coderende fluorescent sensoren om live te 
bestuderen wat de effecten van vloeistof stroming door nierbuisjes zijn op de 
morfologie en de functie van nier cellen in knaagdieren.  
 Dit proefschrift omschrijft nieuwe functies van vloeistof storming, als 
een mechanische prikkel; en primaire cilia, als een mechanosensor in cellen 
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van nierbuisjes. Het gebruik van mechanobiologie als een tool om levende 
cellen te kweken en bedienen belooft veel voor de toekomst van de volgende 
generatie in vitro experimenten, die zullen bijdragen aan het ontwikkelen van 
nieuwe therapieën. Het is onbetwistbaar dat in de nabije toekomst creatieve 
ideeën in de techniek en in de wetenschap dit onderzoeksgebied vooruit gaan 
helpen.  
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List of abbreviations 
AQP2  Aquaporin-2  
ARL13b  ADP ribosylation Factor Like GTPase 13b 
ATP  Adenosine triphosphate 
a.u. Arbitrary unit  
BAPTA-AM  1,2-Bis(2-aminophenoxy)ethane-N,N,N,N-tetraacetic 
acid tetrakis(acetoxymethyl ester) 
BCRP  Breast cancer resistance protein 
BK  High-conductance K+ or Maxi K+ channel 
BSA Bovine serum albumin 
C-terminal  Carboxy-terminal 
45Ca2+ Radioactive Ca2+ isotope 
Ca2+ Calcium ion  
CaCl2 Calcium chloride 
cAMP  Cyclic AMP 
CD  Collecting duct 
cDNA  Complementary DNA 
CH Chloral hydrate 
Cl-  Chloride 
CNT  Connecting tubule 
COPAS  Complex object parametric analyzer and sorter 
DAPI  4’-6-Diamidino-2-phenylindole  
DCT  Distal convoluted tubule  
DMEM Dulbecco's modified eagle's medium 
DNA Deoxyribonucleic acid 
DUSP  Dual specific phosphatase  
Dync2h1  Dynein cytoplasmic 2 heavy chain 1 
CL Enhanced chemiluminescence   
EDTA  Ethylene diamine tetraacetic acid 
eGFP Enhanced green fluorescent protein 
ENaC  Amiloride-sensitive epithelial Na+ channel 
ESRD  End stage renal disease 
FSS  Fluid shear stress 
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GFP  Green fluorescent protein 
HE  Hematoxylin-eosin 
HEK293 Human embryonic kidney cells (293) 
HPRT  Hypoxanthine-guanine phosphoribosyl transferase 
IB Immunoblotting  
ICP-MS / -OES Inductively coupled plasma mass spectrometry / atomic 
emission spectroscopy 
Ift140  Intraflagellar transport 140 
IMCD Inner medullary collecting duct 
K+  Potassium 
KDa Kilo dalton 
KW/BW  Kidney weight/body weight 
MAPK  Mitogen-activated protein kinase 
MCP Monocyte chemoattractant protein 
MDCK Madin-Darby canine kidney 
mDCT  Mouse distal convoluted tubule 
Mg2+ Magnesium ion  
mRNA Messenger ribonucleic acid  
N-terminal  Amino-terminal 
Na+   Sodium ion  
Na/K-ATPase  Na+/K+ pump 
NCC   Thiazide-sensitive NaCl cotransporter 
NCX1 Na+-Ca2+ exchanger 1 
NHE3  Na+/H+ exchanger type 3 
NKCC2  Furosemide-sensitive NaKCl cotransporter 
PAS  Periodic acid-Schiff 
PMCA4a Plasma membrane calcium ATPase 4a 
PC1 or 2 Polycystin 1 or 2 
PCA Principal component analysis 
PCR Polymerase chain reaction  
PKB Protein kinase B 
PKD Polycystic kidney disease 
PLAU Plasminogen activator (urokinase) 
PN18  Postnatal day 18 
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PT  Proximal tubule 
PVDF Polyvinylidene difluoride  
RAAS  Renin-angiotensin-aldosterone system 
RNA Ribonucleic acid 
ROMK Renal outer medullary K+ channel 
RNA-seq RNA sequencing 
RT Reverse transcriptase 
RT-PCR Real times PCR  
SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel 
electrophoresis 
SEM  Standard error of the mean  
SERPINE1 Serpin peptidase inhibitor, clade E member 1 
SGK1  Serum and glucocorticoid-inducible kinase 1 
TAL Thick ascending limb of Henle's loop 
TGF  Transforming growth factor 
TfR1 Transferrin receptor  
THF  Tamm-Horsefall protein 
TNF  Tumor necrosis factor 
TRB3 Tribbles homolog 3 
TRPM6  Transient receptor potential melastatin type 6 
TRPV4/5 Transient receptor potential vanilloid 4/5 
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Biomedical sciences. As of March 2018, Sami is working as a postdoctoral 
researcher in the laboratory of Dr. Aart van Apeldoorn in the MERLN Institute 
for Technology-inspired Regenerative Medicine in Maastricht, the Netherlands. 
His new project aims to develop and use of an immunoprotective islet delivery 
device for the treatment of type 1 diabetes.  
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Research data management 
Appropriate research data management is important for safeguarding scientific 
integrity, open science, safekeeping of valuable datasets and the reuse of data. The 
data obtained during my PhD at the Radboud university medical center (Radboudumc) 
are archived according to the Findable, Accessible, Interoperable and Reusable 
(FAIR) principles (Wilkinson et al. 2016). Labguru, a web-based electronic lab book, 
was used to enter data obtained throughout my PhD training. These data are centrally 
stored and daily backed up on the local server of Radboudumc. The primary (raw) and 
secondary (processed) data that were generated, have been also stored on a local 
server of the department of Physiology which, together with Labguru, are supported 
by the Information and Communications Technology (ICT) unit of Radboudumc. 
Primary and secondary data of all projects that were stored on the local server were 
additionally backed-up to the university servers on a weekly basis. The data archives 
on the Labguru and local server are accessible by the associated scientific staff 
members, including principal investigators (PIs). However, once the data are locked, 
the staff members can only view (= download) data files of the archive from Labguru 
and the local server, but not edit or remove any archived file. Animal studies in Chapter 
3 and 5 were approved by the Central Animal Laboratory and the Animal Ethics Board 
of the associated universities. Published data generated or analyzed in this thesis are 
included in published articles and its additional files are available from the associated 
corresponding authors on request. To ensure general accessibility of the data, all file 
names, all primary and secondary data, metadata, descriptive files and program code 
and scripts used to produce the final results such as figures, tables, statistical analyses 
were documented according to the protocol of the department of Physiology. 
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RIMLS portfolio 
 
 
Name PhD candidate:   Sami G. Mohammed 
Department:             Physiology 
Research School:         Radboud Institute for  
                                        Molecular Life Sciences 
 
PhD period: 06-01-2014 – 05-01-2018 
Promotors:   Prof. dr. J.G.J. Hoenderop  
  Prof. dr. R. Roepman 
 
Co-promotor: Dr. F.J. Arjona 
 
 
 
TRAINING ACTIVITIES 
 
Year(s) 
 
ECTS 
a)  Courses & Workshops 
-    Introduction day Radboudumc 
-    RIMLS Graduate Course 
-    Winterschool Nierstichting 
-    Academic Writing 
-    Scientific Integrity course  
-    RIMLS Technical Forums / Meet the expert 
-    How to search for grant? 
 
 
2014 
2014 
2015 
2015 
2015 
2014-2017 
2017 
 
 
0.5 
2 
1 
2.8 
1 
0.7 
0.5 
 
b)  Seminars & lectures 
-    RIMLS Radboud Research Rounds / Lecture Series  
-    RIMLS Seminars  
-    RIMLS Spotlights / Kidney Theme Meetings *  
 
 
2015-2017 
2015-2017 
2015-2017 
 
 
1.6 
1.2 
2.2 
 
c)  (Inter)national Symposia & Congresses 
-    RIMLS PhD retreat *# 
-    RIMLS Radboud New Frontiers 2014  
-    Radboud Science Days (Ion transport group) * 
-    RIMLS Radboud New Frontiers 2015 # 
-    NfN Scientific Fall Symposium 2016 * 
-    Radboud Science Day * 
-    RIHS Radboud New Frontiers 2016 # 
-    RIMLS Radboud New Frontiers 2017 #  
-    Meet the expert  
-    ASN Kidney Week New Orleans # 
 
 
2015-2017 
2014 
2014-2017 
2015 
2015 
2016 
2016 
2017 
2016-2017 
2017 
 
 
2.25 
1 
1.5 
1.5 
0.75 
1 
1.5 
1.5 
0.6 
1.5 
 
d)  Other 
-   World Kidney Day (other activity) 
-   World Kidney Day * 
 
2015 
2016 
 
0.5 
0.5 
 
TEACHING ACTIVITIES 
 
Year(s) 
 
ECTS 
 
f)   Students 
-    Supervision Tijmen van der Berge  
-    Meet your PhD BSc. Ruud Benard Tilleman and Patrick de 
Graaf 
-    Meet your PhD BSc. Lieke Dillen and Iris Riswick 
 
 
2016 
2016 
 
2017 
 
 
1.5 
0.8 
 
0.8 
 
TOTAL 
  
30.7 
Oral and poster presentation are indicated with a * and # after the name of the activity, respectively 
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